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A bacterial biofilm is a community of sessile cells encased in a matrix composed of 
polysaccharides, proteins, and extracellular DNA that develops according to a reproducible 
morphogenic program. This morphogenic program is deeply influenced by prevailing redox 
conditions within the biofilm, which are established by a gradient of terminal electron acceptor 
through the depth of the biofilm. Terminal electron acceptor limitation leads to redox stress, 
measured as an elevated ratio of reduced to oxidized forms of the metabolic cofactor 
nicotinamide adenine dinucleotide, NAD(H). In biofilms of the gram-negative bacterium 
Pseudomonas aeruginosa, redox stress is relieved by the presence of diffusible redox-cycling 
molecules, phenazines, that are able to act as an electrical conduit between intracellular NADH 
and oxygen in the aerobic zone of the biofilm. This is most apparent in the dramatically 
hyperspread and hyperwrinkled morphologies observed in colony biofilms unable to produce 
phenazines. However, the ability of phenazines to act as a biologically relevant redox couple 
between the reducing equivalents of metabolism and atmospheric oxygen also renders them toxic 
to producing cells. In order to avoid phenazine toxicity, P. aeruginosa encodes self-resistance 
mechanisms under the control of the redox-sensitive transcription factor SoxR. Two components 
of the SoxR regulon, the efflux pump MexGHI-OpmD and the monooxygenase PumA, are 
	known to be major contributors to survival in the presence of toxic concentrations of phenazines. 
This work further details the role of the small protein MexG (Chapter 3) and PumA in phenazine 
resistance (Chapter 4), and presents an electrochemical platform for studying the effects of a 
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Figure 0-1 - Stylized tree of life, as proposed by William Martin in 19991. Represented is a three-domain system, 
where eukaryotes are the result of a symbiotic event between the archaebacteria and the eubacteria. A second 
symbiotic event can be seen between eubacteria and eukaryotes, leading to the development of plants. The 
development of complex organisms depended on this union between the eubacteria and the archaea. 
 
Preface  
Glance into the night sky, and pause to wonder. It is assumed that at least one exoplanet, a rocky 
planet like ours, is in orbit around each of those stars2. But, discounting grainy videos released 
by unlisted branches of the US government, it seems like at least for now, we are alone3–5. If one 
is of a philosophical bent, the weight of this cosmic isolation forces the question of… how?  




To discuss life, we must first define it. One possible definition is that a living being contains 
genetic material that transmits heredity, that undergoes natural selection, and that exhibits 
metabolic maintenance, or homeostasis6. All living beings, even the simplest, exhibit these 
characteristics. But these characteristics presuppose a living being - they fail to explain the spark 
that crossed from inanimate to animate to light the bonfire of life’s will towards remembering 
and replicating. This question of how life came to pass, and how now it makes its way in the 
world, is the creation myth of all human history.   
 
A possible theory is that life arose in membranous hydrothermal vents in the early ocean7–9. In 
these vents, there is electron donor in the form of alkaline, hydrogen rich water10,11; catalytic 
metal-sulfide cofactors embedded in vent membranes12; and electron acceptor in the form of 
dissolved CO2 in ocean water13. These conditions support spontaneous formation of 
hydrocarbons and other redox reactions. In this way, redox chemistry, the transfer of electrons 
between chemical species, is as fundamental to modern life as it was for the first spark of life on 
earth. Maintenance of redox homeostasis – conditions that support specific redox reactions – is 
therefore an important part of the definition of life. In order to make more of itself, the 
conditions have to be right. Modern bacteria are well stocked with diverse mechanisms of 
maintaining favorable conditions for the chemistry of life. The aim of this work is to present one 
such mechanism found in the gamma proteobacterium Pseudomonas aeruginosa. Before we get 




The origins of microbiology  
Aristotle (384-322 BC), a father of western philosophy, espoused spontaneous generation as the 
source of all life. Insects were borne of putrefying organic muck, shellfish from different kinds 
of sand (for the curious, scallops are born of sand, oysters of slime, the barnacle and limpet of 
rock. Grubs – nonspecific – were born of the heat of the sun and of the wind)14.  The air itself 
was full of a vital heat, capable of seeding life where none was before. This basic understanding 
of how life was formed held for almost two thousand years, until a 17th century Italian scientist 
named Francesco Redi cast doubt on the (by then) papal doctrine of spontaneous generation with 
a simple experiment – he placed chunks of meat in glass container covered with a breathable 
muslin cloth that prevented insects from getting in. The maggots arose on the muslin, not the 
meat. When the maggot-free meat was uncovered, it too became contaminated. This experiment 
demonstrated for the first time that it was something, larger than the muslin pores, that caused 
life to appear where none was before15. It should be noted that life, here, is insect rather than 
microbial life – certainly the meat at room temperature did not survive well. It should also be 
noted that although he demonstrated life was propagated by insects and not by dead meat matter, 
he was still certain that trees could spontaneously generate insects.  
 
The idea that some thing was carried by the air had been previously proposed, as evidenced by 
the advice given in a 30BC Farmer’s almanac by the Roman scholar Marcus Varro16: 
“Precautions must also be taken in the neighborhood of swamps, both for the reasons 
given, and because there are bred certain minute creatures which cannot be seen by the 
eyes, which float in the air and enter the body through the mouth and nose and there 
cause serious diseases."  
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But it was not until the time of Redi’s experiments, some 1600 years later, that these minute 
creatures were being observed directly for the first time. The early microscopist Antoine Van 
Leeuwenhoek looked into aquatic environments and found them teeming with microorganisms 
that he termed “animalcules” (Figure 0-2). We cannot be certain of the identity of the 
animalcules seen by Van Leeuwenhoek, save that they were bacteria and protists, but we can be 
certain that the bacterial cells he observed possessed the following characteristics: they contained 
two types of genetic material, DNA and RNA; they underwent natural selection; and they 
maintained homeostasis in the face of changing conditions.  
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Figure 0-2 - Colored engraving of animalcules as observed by Leeuwenhoek. Taken from the public domain 
 
At the close of the 17th century, the first experimental data disproving spontaneous generation 
had been collected, and tiny organisms had been observed in a variety of environments. Despite 
these data, it took another 200 years for scientists to settle the question of spontaneous 
generation. A large factor for this is that no one could say for certain what constituted “sterile,” 
xii		
and so experimental contamination was common. When Louis Pasteur invented the gooseneck 
flask, he was finally able to answer whether life arose from nothing with a resounding “No.17” In 
the years since the discovery of microbes, we have found them in almost every environment on 
earth, from hydrothermal vents at the bottom of the ocean4, to the digestive tracts of humans and 
termites18,19, down to the seemingly sterile environments like the surface of the eye20 and the 
inside of the lungs21.  
 
Microbial metabolic schema  
The ability of microbes to colonize such diverse environments comes down to the diversity of 
substrates that can be used in metabolism, defined in the Oxford English dictionary as “the 
chemical processes that occur within a living organism in order to maintain life.” Metabolism 
provides the fuel that powers the engine of life. In all living beings, this comes in the form of 
adenosine-tri-phosphate, ATP (Figure 0-3).  
 
 
Figure 0-3 - Breakdown of ATP into ADP + Pi. ATP can be regenerated from a spent molecule of ADP through 
either substrate level phosphorylation or through oxidative phosphorylation.  
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The hydrolysis of ATP to ADP is a spontaneous reaction that can be coupled to cellular 
processes to perform the work of motility, anabolism, and cell division. An adult human 
consumes their weight in ATP every day22, while an E. coli cell needs 30 billion molecules, 
about 50 times its weight, at each cell division23. The mechanism by which cells meet the 
demand for ATP can be used as a system of classification, summarized in table 1, below. 
 
energy source 
sunlight photo-   
-troph 
nutrients chemo-   
electron donor 
organics  organo-  
inorganics  litho-  
 
The metabolic systems described in this table obey the conservation of energy as they work to 
transfer chemical or electromagnetic potential into the cell to produce the “energy rich” molecule 
ATP. In phototrophic metabolism, the “energy source” is electromagnetic radiation, light, and 
the “electron donor” is an organic or inorganic compound able to undergo metabolic oxidation. 
In chemotrophic metabolism the “energy source” and the “electron donor” can be the same 
compound.  Although the mechanisms of ATP production are varied, the underlying principle is 
the same – a source of external energy (light, chemicals) is used to transfer electrons to do work 
inside the cell. Cells must work ceaselessly to maintain a favorable environment for metabolic 
electron flow so that the work of life can continue. Maintenance of favorable conditions for the 
redox reactions of life, redox homeostasis, is a primary concern for all living organisms. Because 
of the fundamental nature of this requirement for life, it can be studied in any living organism. 





Chemoorganotrophic bacteria, like the gram-negative human pathogen Pseudomonas 
aeruginosa, couple the breakdown of nutrients to the production of useable energy in the form of 
ATP using both soluble and membrane bound processes. In order for life to continue, cellular 
conditions that favor the spontaneous procession of these reactions must be maintained. One way 
in which ATP-producing cells ensure favorable reaction conditions is through maintenance of 
redox homeostasis. This section of my thesis contains a discussion of the redox reactions that 
play an important role in P. aeruginosa metabolism, as well as a discussion of phenazines, 
diffusible small molecules that contribute to the maintenance of redox homeostasis.  
 
ATP-generating pathways in Pseudomonas aeruginosa 
In P. aeruginosa, there are three major pathways of ATP generation – anaerobic fermentation, 
anaerobic nitrate respiration (denitrification), and aerobic respiration. The soluble cofactor 
nicotinamide adenine dinucleotide (NAD(H)), shown in Figure 1-1, plays an important role in 
ATP generation both in glycolysis and the tricarboxylic acid (TCA) cycle, two main pathways of 
catabolic metabolism. Because of this central role, the ratio of reduced to oxidized NAD(H) - 
NADH/NAD+ - can be used as a readout for the metabolic state of the cell. This ratio is largely 
established by the equilibrium between catabolic and anabolic processes of central metabolism 
during fermentation or respiration.  
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Figure 1-1 - Schematic of cofactor regeneration schemes in aerobic and fermentative metabolism. In 
fermentation, ATP production takes place by substrate level phosphorylation in glycolysis. In respiratory 
metabolism, both aerobic and denitrification, ATP production takes place through oxidative phosphorylation, 
powered by the chemiosmotic gradient established in the periplasm through activity of the electron transport chain.  
Inset shows the structure of nicotinamide adenine dinucleotide, the cycling cofactor used in both respiratory and 
fermentative metabolism as a charge carrier, and signal of cellular redox conditions. The structure consists of an 
adenine coupled to a nicotinamide moiety that undergoes reversible redox cycling.  
 
Respiration and fermentation  
In aerobic and nitrogen respiration, reducing equivalents (NADH) that are produced during the 
oxidation of carbon compounds in glycolysis and the TCA cycle are regenerated (NAD+) at the 
electron transport chain, a reaction that couples the oxidative catabolism of carbon compounds to 
the charging of the chemiosmotic potential used as the driving force for oxidative 
phosphorylation by ATP synthase22,24. In respiring chemotrophic cells the potential required for 
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the charging this membrane capacitor is provided by the presence of a terminal electron acceptor 
– nitrate in the case of denitification, and diatomic oxygen for aerobic respiration. The grounding 
potential of this terminal electron acceptor drives all of respiration, and allows for high-yield 
ATP synthesis through the discharge of the chemiosmotic gradient (Figure 1-2).  
 
Figure 1-2 – Electron transport chain of P. aeruginosa. NADH (reduced) is recycled to NAD+ (oxidized) at 
complex 1 of the respiratory chain. Charging of the chemiosmotic gradient to the periplasm (where  H+ is stored in 
the form of hydronium ions) is coupled to the transfer of electricity between a charged NADH molecule and 





In the absence of sufficient terminal electron acceptor for charging the chemiosmotic gradient, 
ATP production is accomplished solely through substrate level phosphorylation in glycolysis.  
Pyruvate, the end product of glycolysis, inhibits further production of ATP22. Fermentation of 
pyruvate to lactic acid is necessary to provide a drain for accumulated pyruvate, and to 
regenerate NAD+, a cofactor used in ATP production by substrate level phosphorylation.  
 
The relative ratio of the reduced and oxidized form of the redox cycling charge carrier NAD(H), 
used in both glycolysis and the citric acid cycle, serves as a barometer for metabolic activity. A 
high ratio of reduced to oxidized NAD(H), NADH/NAD+, inhibits central metabolism through 
feedback inhibition of key enzymes25,26. In respiring cells NADH/NAD+ levels are maintained at 
a low level as a consequence of NAD+ replenishment through dehydrogenase reactions in the 
electron transport chain. However, in the absence of terminal electron acceptor, NADH 
reoxidation rates are limited by the processes of fermentation, and as a consequence cells 
maintain a higher NADH/NAD+ ratio27.  
 
NADH/NAD+ as a marker of redox stress    
Due to the central nature of NAD(H) in cellular metabolism, the NADH/NAD+ ratio can be taken 
as a proxy of the cellular redox state. In eukaryotic cells, NAD(H) ratios have been shown to 
play an important role in ageing, cell death, calcium utilization28, and neurodegenerative 
diseases29. In both eukaryotic and prokaryotic organisms it is a readout of flux through metabolic 
pathways27, and changes to the ratio modulate signal transduction through the membrane-bound 
ubiquinone pool30.  The ability of NAD(H) to interact with key cellular components likely 
mirrors the activity of glutathione, a redox buffer system that maintains protein thiol oxidation 
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state31. Glutathione has a more well-defined role in redox stress, and so can be used as an 
example to illuminate the role of NAD(H) as a marker of redox stress. 
 
Traditionally, redox stress has been discussed in terms of oxidative stress, primarily mediated by 
dysregulation of cell function through oxidative damage of DNA, protein thiols, and lipids32,33. 
One mechanism of oxidative damage to proteins is the oxidation of thiol carrying amino acids, 
cysteine and methionine, which causes protein unfolding33. Post-oxidative stress protein thiols 
are returned to their normal state largely through the activity of the low-molecular-weight 
glutathione (GSH) buffering system, which is able to reduce disulfide bonds to their pre-
oxidation insult state29. However, it has recently been shown that both protein thiols and the 
glutathione pool are kept at steady state, non-equilibrium conditions34,31. What this implies is that 
perturbations to the ratio of oxidized and reduced glutathione (GSH/GSSG) will lead to global 
effects on protein thiol chemistry.  In much the same way that glutathione interacts broadly with 
the cellular proteome, NAD(H) is used as a cofactor in more than 300 reactions, including those 
involved in nucleotide synthesis, lipid synthesis, and amino acid synthesis, in addition to its role 
in central metabolism35. Because of the importance of NAD(H) to all domains of life, 
mechanisms for maintenance of the NADH/NAD+ ratio can be studied in almost any organism. 
Understanding the mechanisms that dysregulate NAD(H), as well as the mechanisms that cells 






NAD(H) ratio correlates with changes in community behavior of P. aeruginosa 
The Dietrich group studies the effects of redox stress in the context of surface-grown 
communities of P. aeruginosa, called biofilms. A biofilm is an agglomeration of sessile cells 
encased in a matrix composed of polysaccharides, proteins, and extracellular DNA that develops 
according to environmental cues. Our current model of P. aeruginosa biofilm morphogenesis is 
that development is governed by redox stress caused by limited access to terminal electron 
acceptor, such as oxygen or nitrate36. This redox stress manifests as an increased NADH/NAD+ 
ratio prior to the onset of wrinkling, which is relieved once wrinkles have formed37. Electron 
acceptor limitation appears to induce wrinkling through NAD(H)-mediated activation of gene 
expression that results in matrix production, an example of how the redox state of the cell has 
effects beyond central metabolism38. The NADH/NAD+ ratio, and consequently biofilm 
morphogenesis, is also strongly affected by the presence of endogenous, redox cycling small 
molecules called phenazines (Figure 1-3). The redox cycling nature of phenazines allows them to 
be used by P. aeruginosa for maintenance of redox homeostasis during periods of redox stress.  
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Phenazines and NAD(H) in biofilm morphogenesis   
 
Figure 1-4 - Phenazines produced by P. aeruginosa. Corresponding redox potentials are shown relative to 
Ag/AgCl. 
 
Phenazines are redox cycling molecules that have antimicrobial activity, and are involved in 
virulence and pathogenesis39,40. Despite their toxic effects in other organisms, P. aeruginosa has 
managed to harness phenazines to perform useful work. Phenazines have been shown to oxidize 
NAD(H) in vitro, in liquid culture41, and in the biofilm37. This ability to balance the redox state 
of NAD(H) allows them to relieve redox stress in the biofilm. 
 
Cells in biofilms experience anoxia due to the fact that respiration in the upper strata outpaces 
oxygen diffusion37,42. In these anoxic cells, redox stress manifests as an elevated NADH/NAD+ 
ratio due to a lack of terminal electron acceptor. In the dense conditions found in the biofilm, P. 
aeruginosa cells produce redox-cycling phenazines43 that are able to diffuse from anoxic zones 
into the upper strata of the biofilm, where they are oxidized by atmospheric oxygen. After 
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becoming oxidized, they diffuse into the anoxic portion of the biofilm, where they are able to 
enter cells and oxidize NADH to NAD+, thereby relieving cellular redox stress37. In an 
alternative scheme, it is possible that diffusion is unnecessary, and the matrix components of the 
biofilm, in complex with phenazines, are sufficient to mediate electron transfer between anoxic 
and oxic portions of the biofilm. Both options are represented in Figure 1-5. However, the 
cycling nature of phenazines that supports redox homeostasis is a double-edged sword, as high 
concentrations are toxic both to other organisms44 and to P. aeruginosa itself45. 
 
 
Figure 1-5 - Possible schema of phenazine-mediated electron transfer through the biofilm. Reduced phenazines are 
in brown, oxidized phenazines in blue. In the scheme on the left, reduced phenazines diffuse through the biofilm and 
interact with molecular oxygen in oxic regions of the biofilm before returning to the anoxic zone. In the scheme on 





Phenazine production is carefully coordinated with community density, as it is controlled by P. 
aeruginosa’s quorum-sensing cascade43. What this means is that phenazines are only produced 
when cells have grown to sufficient density, a point that is determined by the accumulation of 
acyl-homoserine lactones, small molecules that are diffusible regulators of gene expression and 
community behavior46. That phenazine production is induced by quorum logic is not unexpected, 
since timing of phenazine release must be tightly controlled.  
 
Managing phenazine self-toxicity   
A main contributor to phenazine tolerance is the redox-sensitive transcription factor SoxR45,  
which belongs to the MerR family47. Under reducing conditions, a SoxR dimer occupies the 
promoter region of target genes where the -10 and -35 transcription start sites are spaced too far 
apart for RNA polymerase binding. However, when the Fe-S cluster in the non-DNA binding 
region of SoxR is directly oxidized by phenazines or other redox-cycling compounds, the dimer 
shifts in such a way that RNA polymerase is able to bind48. In enteric bacteria, SoxR activates a 
broad oxidative stress response by activating a single gene, soxS, which is a transcriptional 
regulator of more than 100 oxidative stress response genes47. In non-enteric bacteria, SoxR has a 
small regulon – between three and five genes, typically encoding mono- and dioxygenases and 
efflux pumps that, at least in P. aeruginosa, appear to be linked to the tolerance of toxic 
secondary metabolites49.  
 
P. aeruginosa SoxR regulates the expression of only two genes and one operon - an MFS 
transporter of unknown function, the putative monooxygenase PumA, and the multidrug efflux 
pump, MexGHI-OpmD (Figure 1-6). Previous work in the Dietrich lab has shown ∆soxR strains 
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are unable to tolerate high concentrations of phenazines, and that sensitivity depends on two 
SoxR regulon components, the putative monooxygenase PumA, and the multidrug efflux pump 
MexGHI-OpmD45. 
  
Figure 1-6 - SoxR regulon in P. aerguinosa 
 
In the following chapters I will show that MexG, a small protein component of the MexGHI-
OpmD efflux pump, affects biofilm morphogenesis on exogenous redox-cycling compounds and 
that MexGHI-OpmD and PumA act via opposing mechanisms for maintenance of phenazine 
homeostasis. In the final chapter, I will describe the development of a device for electrochemical 
study of biofilm morphogenesis, and elaborate the role of phenazine oxidation state and 
subsequent SoxR-driven expression in biofilm morphogenesis. Together, these chapters will 
show that the role of the SoxR regulon is one of redox homeostasis. 
12		
2 Post-translational modification of MexG 
 
In this chapter I will discuss the role of the small DoxX-family protein MexG in redox 
homeostasis. MexG is co-transcribed with genes encoding a canonical RND efflux pump, so this 
chapter will first contextualize RND efflux, small protein modulation of RND efflux, and what is 
known about MexG and DoxX proteins. The data that follow show that MexG is modified in a 
redox-sensitive manner that affects biofilm morphogenesis in the presence of exogenous redox 
cycling compounds.  
 
Rationale 
The RND efflux pump MexGHI-OpmD is known to transport the endogenous N-methylated 
phenazine 5-me-PCA45. However, a function for the small protein MexG, which is a unique 
component among the multidrug efflux operons in P. aeruginosa, has not been described. 
Because small protein regulators of RND efflux have been previously described, it was 




Efflux is a powerful mediator of antibiotic resistance, as lowering intracellular concentrations of 
antibiotics renders bacteria resistant to clinical treatment50. The genome of P. aeruginosa 
encodes 34 small molecule transporters, more than E. coli, M. tuberculosis, or B. subtilis. Of 




RND efflux proteins are tripartite drug/proton antiporters that consist of a transporter, a 
periplasmic adaptor protein, and an outer membrane porin. The stoichiometry of a standard RND 
efflux complex consists of three drug/proton antiporter subunits, two periplasmic adaptor 
subunits, and a single outer membrane porin52. RND complexes are have broad substrate 
specificities, with some members capable of exporting multiple classes of antibiotics, as well as 
hormones, detergents, bile salts, fatty acids, and quaternary ammonium compounds53. 
Endogenous functions, in contrast to clinically-relevant functions, for these widespread 
transporters have recently been proposed 54. Recent work in the Dietrich lab has shown that 
MexGHI-OpmD, one of 12 multidrug efflux pumps in P. aeruginosa,55 is an RND transporter 
with an endogenous function. 
 
  
Figure 2-1 - Organization of canonical mex operons in P. aeruginosa. Four operons that encode incomplete 
transporters have been omitted. 
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MexGHI-OpmD transports the hydrophilic phenazine 5-me-PCA, the predominant determinant 
of the onset of colony wrinkling45. This functionality is hinted at in the genomic organization of 
the mexGHI-opmD operon, which lies adjacent to phzM. The phzM gene encodes the 
methyltransferase that catalyzes the last step required for 5-me-PCA synthesis. Furthermore, 
MexGHI-OpmD expression is strongly induced by phenazines (via activation of the redox 
sensitive transcription factor SoxR), meaning it is reciprocally regulated by the compounds it 
transports.  
 
MexG has been shown to affect the transport of heterocyclic compounds in efflux-null strains of 
P. aeruginosa56, and to be a binding partner of Pseudomonas quinolone signal (PQS)57. PQS is 
an important mediator of quorum sensing in P. aeruginosa58,59, a density-dependent program that 
controls the expression of dozens of virulence and biofilm genes, including those required for 
production of phenazines43,60. A summary of molecules whose transport is affected by MexG or 
that are known to interact with MexG is listed below (Figure 2-2). 
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Figure 2-2 – A MexHI-OpmD substrates whose efflux is affected by the presence of MexG. B PQS, a known 
binding partner of MexG 
 
Substrates of tripartite pumps are often heterocyclic molecules61–63, and so may be able to 
associate with the cytoplasmic membrane. The cytoplasmic membrane of bacterial cells also 
contains the ubiquinone pool, the redox state of which can influence the activity of membrane-
associated proteins such as sensor kinases30,64. These observations led to the hypothesis that the 
small protein MexG, which is co-transcribed with MexHI-OpmD, could be involved in sensing 
the redox state of the cell and transducing this information to its partner efflux pump. The 
hypothesized organization of MexGHI-OpmD in the membrane is shown in Figure 2-3. 
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Figure 2-3 - Cartoon of MexGHI-OpmD organization in the membrane. From top to bottom, outer membrane 
porin OpmD, periplasmic adaptor protein MexH, drug proton antiporter MexI. Proposed localization of MexG is 
shown in blue. 
 
Materials and Methods  
MexG constructs 
All strains are in a Pseudomonas aeruginosa UCBPP-PA14 (PA14). To study the biochemistry of 
MexG, native locus constructs were made carrying a 1xFLAG tag and linker 
(DYKDDDDKSGSGS) on either the N- or C-terminus. Double-tagged strains, with an N-
terminal FLAG tag and a C-terminal 9xHis tag (GSGHHHHHHHHH), were constructed in this 
strain background. Plasmids used for heterologous recombination in P. aerguinosa were 
constructed using the gap repair cloning method in Saccharomyces cerevisiae InvScI28. 1kb 
segments upstream and downstream of mexG were amplified with PCR, and inserted into a 
pMQ30 cloning vector that was transferred from E .coli to the PA14 genome through 
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homologous recombination. Single recombination events were selected for with LB 
supplemented with 100 µg/ml gentamicin, and double recombination events were selected for 
using modified LB made without NaCl and with the addition of 10% sucrose. Genotypes of final 
clones were confirmed with sequencing. Strains used are listed in appendix 1. Plasmids used in 
this study are listed in appendix 2, and primers used for strain construction are listed in 
appendix 3. 
 
Sample preparation for Western blotting 
Expression of MexG was detected by Western blotting, which was performed against whole-cell 
extracts of P. aeruginosa cells expressing tagged MexG. Whole-cell extracts were prepared by 
sonicating 100mg wet weight cell pellet in 500 µL lysis buffer (150mM Tris pH 7.6 buffer with 
1x protease inhibitor cocktail (Sigma Aldrich Cat. no. 11836170001)) using a Branson sonicator 
at 40% output, followed by immediate denaturation in 1x Laemmli sample buffer (Life, cat. no 
NP0007) at 70˚C for 10 minutes. For redox sensitivity tests, samples were processed according 
to the normal sonication protocol, and divided into two groups that were processed in parallel. 
The experimental group was treated with loading buffer containing 5% beta-mercaptoethanol 
(BME) prior to electrophoresis, while the control was processed with BME-free loading buffer. 
For tests of supernatant influence on MexGlow formation, lysis buffer was prepared as above, 
with either filtered (0.22 µm pore size) supernatant (WT supernatant) alone or filtered 






Lysed samples were cooled on ice, centrifuged for 5 minutes at full speed, and loaded on 12% 
bis-Tris gels (Invitrogen, cat. no. NP0343) electrophorized for 2 hours at 100 V in 1x MES 
running buffer (50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.3). Gel transfer 
for Western blotting was performed using the dry transfer iblot system  (Life Sciences cat. no. 
1001), using program P2 for 8 minutes (23 V) with PVDF membrane cassettes (Invitrogen, 
cat.no IB401001) as MexG modification was not well-represented on nitrocellulose membranes, 
which could be a side effect of lower abundance. Western blotting was carried out using 
commercially available primary (rabbit polyclonal αFLAG, genscript cat. no. A00170) and 




Overnight cultures of tagged MexG strains were pregrown in 5 mL LB for 16 hours at 37˚C. 
Cultures were then diluted 1:100 in 50 mL LB in an unbaffled 250 mL Erlenmeyer flask and 
incubated with shaking at 250 rpm at 37˚C. 5 mL samples were removed at timepoints indicated 
and processed for Western blotting.  
 
Colony morphology  
Overnight cultures were pregrown in 5mL LB for 16 hours at 37˚C. Cultures were then diluted 
1:100, and grown until mid-exponential phase, OD500 ~0.8. 10 µl of culture were spotted onto 
basal colony morphology agar (1% tryptone, 1% agar, Teknova) with 40 µM Congo red and 20 




Biochemical characterization of MexG 
MexG is a 15kDa protein that belongs to the DoxX family. Although DoxX proteins are found in 
~2500 species, only two have been described to date. They are both membrane proteins that are 
involved in redox processes – one Mycobacterium tuberculosis regulator of mycothiol redox 
state65, and an Acidianus ambivalens terminal oxidase subunit66. Although MexG does not have a 
signal sequence, it is computationally predicted to have four transmembrane domains67, 
suggesting membrane localization. A schematic of the predicted membrane topology of MexG is 
shown in Figure 2-4a.  
 
To verify for membrane localization I fractionated PA14 cells expressing N-, C-, and double 
tagged MexG. Membrane fractionation of cell lysates was performed according to a previously 
established protocol for P. aeruginosa68 to determine localization of MexG. The results of 
fractionation show that, despite a lack of signal sequence, MexG segregates to the cytoplasmic 
membrane. However, only the N-terminal FLAG construct segregated properly, so all further 




Figure 2-4 - Biochemical characterization of MexG. A Predicted membrane topology of MexG. B Cell 
compartment fractionation for segregation of MexG constructs. C terminal FLAG constructs did not segregate 
properly, while N-terminal and double tagged constructs were stable. Western blot is representative of three separate 
experiments. 
 
Dynamics of MexG modification 
Initial comparisons of MexG expression between phenazine-producing and non-producing 
strains showed that MexG was, as expected, not produced in the absence of phenazines in either 
aerated or standing cultures. MexG was well expressed in cultures that had grown with shaking 
at 37°C for 16 hours. This correlates with the previous finding that the mexGHI-opmD transcript 
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is 38x upregulated by the presence of phenazines43. Intriguingly, in standing cultures grown to 
stationary phase and left on the benchtop for 8 hours, a lower molecular weight species of MexG 
(MexGlow) appears (Figure 2-5).  
 
Figure 2-5 – MexG is modified during anaerobic conditions. N-FLAG MexG constructs grown in the absence of 
phenazines show no expression of MexG. In the presence of phenazines, MexG shows two patterns of expression - a 
single species in aerated culture, and two species in aerated culture left on the bench for 8 hours. Western blot is 
representative of three separate experiments. 
 
I hypothesized that the second MexG species was a result of changing functionality in shifting 
redox conditions, rather than a degradation product. To test this hypothesis, I examined 
formation of MexGlow in a double-tagged strain, with a 1xFLAG tag on the N terminus and a 
9xHis tag on the C-terminus of MexG. The double-tagged form is detectable with both histidine 
and FLAG protein antibodies, indicating MexGlow is not a degradation product (Figure 2-6). 
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Figure 2-6 – MexG modification is not a degradation product. On the left, a growth curve between strains 
carrying FLAG tagged or double tagged MexG. No significant differences were observed. On the right, Western 
blots show the modified species MexGlow is present in both N-tagged and double-tagged strains. Blots are 
representative of three separate experiments. 
 
These results showed MexG to be dynamically expressed; Low expression prior to the onset of 
late exponential phase when phenazines are made, and high expression after the onset of 
phenazine production. These data correlate to previously published observations43. MexG 
production gradually increases over the course of stationary phase, with the modified species 
being formed between 21 and 39 hours of growth. This was taken to be an indication that the 
modification is specific to stationary phase. 
 
MexGlow is sensitive to reducing agents 
To determine the nature of the MexGlow modification, I tested the stability of the double band in 
reducing agents. Following treatment with β-mercaptoethanol (BME) prior to electrophoresis, 
the gel-shifted MexGlow is much less abundant relative to untreated controls through the 24-hour 
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timepoint ( Figure 2-7). By 42 hours the bottom band has become insensitive to treatment with 
reducing agent. This change in abundance after treatment with BME is not due to the reduction 
of an intramolecular bond, as the difference between the upper molecular weight and lower 
molecular weight bands is, at most, 2 kDa. It has been shown that reducing agents like BME and 
dithiothreitol (DTT) are able to reduce flavin cofactors69, and that the mass to charge ratio of a 
compound affects SDS binding and therefore migration through SDS-PAGE70, so a BME-
mediated change in the charge of a MexG-bound moiety could result in the observed gel shift. 
Modification of a bound cofactor in the presence of reducing agent would not explain the 
irreversible band at 42 hours. It is possible that late in stationary phase there is a change in the 
cell that promotes an alternative mode of modification. A possible mediator for this signal could 
be the quinone pool71.  
 
 Figure 2-7 – MexGlow is redox sensitive. Response of MexG modification to treatment with β-mercaptoethanol 




Knowing the site of a modification, even without knowing exactly what the modification is, is 
informative for modeling protein function. MexG is a short protein with only a single cysteine 
and three methionines, meaning there are few candidate sites for canonical, thiol based redox 
modifications. To test if these sites were contributing to the formation of MexGlow, I generated 
three mutant strains – one containing a double mutation of C21S and M25L, and two containing 
the single mutations M44L and M109L. It was unclear at the outset how any of these residues 
could play roles in the formation of a product of lower molecular weight than the parent, as thiol-
based modifications tend to increase apparent molecular weight72. However, SDS-PAGE 
electrophoresis can result in gel shifts from the predicted size of species due to differences in 
SDS molecule binding70,73.  
 
Determining MexGlow identity 
Each mutated residue differentially affected the presence of MexGlow (Figure 2-8). Strains 
carrying the M109L mutation displayed normal amounts of the upper band but produced no 
MexGlow. The mutation M44L resulted in a constitutive activation of MexGlow production, 
suggesting that area of the protein was contributing to regulation of double band production, as 
the relative intensities of the upper and lower band skew to the upper band in M44L but not in 
the WT sample.  C21S resulted in no detectable MexG, indicating this mutation causes 
misfolding and subsequent degradation. To test the relevance of MexG modification to biofilm 




Figure 2-8 - Effect of redox sensitive mutations on MexGlow. Mutation of any cysteine or methionine residue 
results in dysregulation of the band. M109L leads to disappearance of MexGlow completely. Western blot 
representative of two separate experiments. 
 
MexGlow affects biofilm morphogenesis on exogenous redox compounds 
To test whether MexG modification affects biofilm development, biofilms were grown on basal 
colony assay medium containing 200 µM and 300 µM acriflavin, a redox-cycling compound and 
a substrate whose transport by MexHI-OpmD is modulated by MexG56.  
 
Figure 2-9 compares the growth of WT, ∆mexGHI-opmD, and ∆mexG strains at two different 
acriflavin concentrations. At 200 µM acriflavin, the WT biofilm forms wrinkles, while the ∆mex 
and ∆mexG biofilms remain smooth. NADH/NAD+ measurements indicate that a reduced 
cytoplasm stimulates biofilm wrinkling37, a plausible mechanism of action for acriflavin 
modulation of biofilm morphogenesis. The biofilm phenotypes of ∆mexGHI-opmD and ∆mexG 
suggest that these mutations may lead to a more oxidized cytoplasm; the former is consistent 
with the role of MexGHI-OpmD in the presence of endogenous redox cycling compounds45.  
What is most striking is that while a deletion of mexG on basal colony morphology medium does 
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not lead to a delay in wrinkling, deletion of mexG in the presence of 200 µM acriflavin does 
delay wrinkling. This points to MexG playing a role in acriflavin transport in the biofilm, and to 
the idea that MexG supports normal biofilm development in the presence of exogenous redox 
cycling molecules. At 300 µM the differences between a ∆mexG strain and a ∆mexGHI-opmD 
strain indicate deletion of mexG has an intermediate effect, perhaps due to modification of 
MexHI-OpmD substrate specificity.  
 
Figure 2-9 – Biofilm morphogenesis on acriflavin. ∆mex and ∆mexG strains on two concentrations of the 
exogenous redox cycling compound acriflavin. At low concentrations mutant biofilms are smooth relative to WT. A 
higher concentration of acriflavin leads to morphological differences between all three strains. Biofilm 
morphologies representative of two different experiments, three biological replicates per trial. 
 
Point mutants of MexG - C21S (which also contains M25L), M44L, and M109L - were tested 
under identical conditions (Figure 2-10). Differences in mutant biofilm morphologies on 
acriflavin correspond to differences in relative abundance of the double band found in liquid 
culture. WT biofilms on both 200 µM and 300 µM acriflavin are wrinkled, as in the previous 
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experiment. The most dramatic phenotype at 200 µM is that of C21S, which does not wrinkle at 
all, indicating that the mutant is completely non-functional. 
 
Figure 2-10 - MexG mutant morphogenesis on acriflavin. C21S looks most similar to a MexG deletion, which 
corresponds to the lack of double band. M44L and M109L, though similar on 200 µM acriflavin, show different 
wrinkling patterns on 300 µM acriflavin. Biofilms are representative of two separate experiments with three 
biological replicates. 
 
M44L, which overproduces the upper band relative to the lower band, presents an intermediate 
phenotype between WT and C21S, indicating that stoichiometry of the second species of MexG 
is important for biofilm morphogenesis in the presence of exogenous redox cycling compounds. 
M109L, however, which does not produce a bottom band, phenocopies the WT strain at 200 µM 
acriflavin. Increasing the concentration to 300 µM acriflavin accentuates the differences between 
strains. C21S has a disordered wrinkling phenotype even at higher concentrations of acriflavin, 
while M44L shows a much smoother phenotype than the WT. The M109L mutant again 
phenocopies the WT. These differences in biofilm morphogenesis indicate that MexGlow plays a 





In order to determine the identity of MexGlow, higher yield of purified protein was necessary, as 
identification of post-translational modification by mass spectroscopy requires an order of 
magnitude more material than was being visualized by western. Many attempts were made to 
isolate MexGlow through immunoprecipitation using commercially available antibody beads, but 
any attempt to solubilize cell membranes prior to purification resulted in the apparent 
degradation of the second band. Incubation of cell lysates with a variety of detergents resulted in 
the same answer – MexGlow did not tolerate detergents (Figure 2-11). 
 
Figure 2-11 - Detergent screen for MexGlow stability. Black box indicates sample that has not been incubated on 
ice, white box is sample that was indicated for the duration of the detergent solubilization, but without detergent. 1. 
CHAPS; 2. Deoxycholic acid; 3. N-dodecyl-β-D-maltoside; 4. Mega8; 5. Octyl-β-glucoside. Western blot is 
representative of three independent experiments. 
 
Further consideration of the data led to the realization that it was not detergents that were leading 
to degradation of MexGlow, but time. At the bottom left of Figure 2-11 is fresh sample, prior to 
detergents incubation. On the far right is the same sample, untreated, left on ice for the duration 
of solubilization. The marked difference in band abundance between these samples indicated that 
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allowing the sample to sit on ice, even for an hour, leads to a disappearance of MexGlow. This 
finding indicates the modification is not a covalent. 
 
To test if culture supernatant contained the compound that was associating with MexG to 
produce MexGlow, lysates were prepared in buffer supplemented with WT supernatant or protein-
free WT supernatant (produced by filtering WT supernatant with a 3 kDa cutoff filter and 
collecting the flow through). In different buffers, the lifetime of the double band, as well as the 
relative abundance of the double band increased. In a Tris-based buffer without any cell 
components present, MexGlow was not detectable after 135 minutes. In WT supernatant and in 
filtered supernatant preparations MexGlow was stable  (Figure 2-12). 
 
 
Figure 2-12 - Stability of MexG low in different buffer conditions. Purification of MexG in the presence of 
culture supernatant with and without proteins (WT supernatant and 3 kDa filter) results in MexGlow sustained over a 
longer period of time. The difference between WT supernatant and 3kDa filter supernatant may be due to a secreted 
factor that contributes to modification in vitro. Western blot is representative of four separate trials. 
 
30		
Submission of samples to mass spec at this point would not have generated useful information, 
as transient interactions are not mapped by mass-spec interactions. The modification of MexG 
results in a species of apparent lower molecular weight, which could be attributed to a 
modification of the mass to charge ratio of MexGlow. Potential candidates for this modification 
are heterocyclic redox-active compounds such as PQS or phenazines.  
 
Concluding remarks 
The results in this chapter show that MexG affects redox homeostasis during biofilm growth on 
exogenous phenazines, suggesting a role for MexG that is in line with those of other members of 
the DoxX family. They also show that the MexG modification is sensitive to reducing agents and 
depends on the presence of redox-sensitive residues embedded in the membrane. Future work 
with MexG will be principally concerned with determining the nature of the transient 
modification, and demonstrating that modification results in an altered pattern of substrate 
specificity of the MexHI-OpmD efflux pump. It is possible that the observed modification is 
PQS, a molecule that has already been shown to bind to MexG58. If PQS binds MexG at high 
concentrations, it may be a mechanism of synchronizing MexGHI-OpmD efflux with phenazine 
concentration.   
 
The following chapter examines the role of the monooxygenase PumA, which together with the 
efflux pump MexGHI-OpmD works to balance the redox state of the cytoplasm. While MexG 
appears to play an important role in biofilm morphogenesis in the presence of exogenous 
compounds, PumA ensures redox homeostasis in the presence of endogenous phenazines. 
Results included in the next chapter show that N-methylated phenazine tolerance is mediated by 
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the enzymatic activity of PumA, in a way that is temporally and kinetically separated from the 
activity of the MexGHI-OpmD efflux pump. Taken together, results in these chapters show that 
the SoxR regulon in P. aeruginosa is a self-protection regulon that manages redox stress through 
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In the previous chapter it was shown that MexG, a component of the SoxR regulon co-expressed 
with the tripartite RND efflux transporter MexHI-OpmD, affects biofilm morphogenesis in the 
presence of exogenous redox cycling compounds. This chapter will focus on another component 
of the SoxR regulon - the monooxygenase PumA, in the context of endogenous phenazines.  
 
Rationale 
In P. aeruginosa, the SoxR regulon is critical for prevention of self-toxicity when phenazines are 
being produced. It has been shown previously that the efflux pump MexGHI-OpmD is involved 
in the efflux of the endogenous N-methylated phenazine 5-me-PCA, the predominant contributor 
to biofilm wrinkling45.  Another component of the SoxR regulon, PumA, has also been shown to 
affect survival in the presence of cytotoxic phenazines, but a clear role for it has not been 
established. In this chapter, it will be shown that PumA, a cofactorless monooxygenase of the 
ActVA family, acts enzymatically on endogenous phenazines to affect the redox setpoint of the 
cytoplasm. It will also be shown that another SoxR regulated monoxygenase, Streptomyces 
coelicolor EcaB, is able to complement the activity of PumA in the presence of exogenous 
phenazines, suggesting a conserved SoxR–regulated mechanism for dealing with redox stress. In 
P. aeruginosa, MexGHI-OpmD and PumA exert opposing forces on this setpoint, and through 
these opposing forces contribute to normal biofilm morphogenesis. 
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Materials and Methods      
Strains and Culture Conditions 
Strains used in this study are listed in appendix 1. For preculturing and genetic manipulation, 
bacteria were grown at 37 °C in Lysogeny Broth (LB) with shaking at 250 rpm (Forma Orbital 
Shaker, Thermo Scientific) or on LB solidified with agar (15 g/L)74. For selection during genetic 
manipulation, gentamicin was added to the medium at 15 µg/mL for E. coli or 100 µg/mL for P. 
aeruginosa. Carbenicillin was added to the medium at 300 µg/mL for P. aeruginosa.  To 
characterize phenazine sensitivity and biofilm development, colonies were grown at 30 °C on 1% 
tryptone and 1% agar, containing 40 µg/mL Congo red and 20 µg/mL Coomassie blue where 
indicated. 
      
Strain Construction 
Strains used in this study are listed in appendix 1, plasmids used in this study are listed in 
appendix 3, and primers used for construction of plasmids in appendix 2. Plasmids for deletion 
and gene replacement were generated using the yeast gap repair method as described 
previously75,76. Markerless deletions of pumA were generated as described previously by 
homologous recombination in various PA14 strain backgrounds76. The same approach was used 
to complement ∆pumA using complementation plasmids. Final clones were verified by PCR and 
sequencing.  
 
GFP reporter strains were constructed using plasmid pLD2726, generated by inserting the 448 bp 
of the mexG promoter between an engineered SpeI and Xhol site into a pSEK103 plasmid 
backbone using primers indicated in Appendix 3. Strains expressing GFP under the control of 
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the mexG promoter were generated by homologous recombination of plasmid pLD2762 into the 
neutral attB site on the PA14 chromosome. Plasmids were transformed into E. coli strain UQ950, 
verified by sequencing, and moved into PA14 using biparental conjugation with E. coli strain 
S17-1. PA14 single recombinants were selected on M9 minimal medium agar plates (47.8 mM 
Na2HPO4•7H2O, 22 mM KH2PO4, 8.6 mM NaCl, 18.6 mM NH4Cl, 1 mM MgSO4, 0.1 mM 
CaCl2, 20 mM sodium citrate dihydrate, 1.5% agar) containing 100 µg/ml gentamicin. The 
plasmid backbone was resolved out of PA14 using Flp-FRT recombination by introduction of the 
pFLP2 plasmid77  and selected on M9 minimal medium agar plates containing 300 µg/ml 
carbenicillin and further on LB agar plates without NaCl and modified to contain 10% sucrose. 
The presence of gfp in the final clones was confirmed by PCR. 
 
Colony Morphology Assay 
Ten microliters of overnight precultures were spotted on 1% tryptone + 1% agar, containing 40 
µg/mL Congo red and 20 µg/mL Coomassie blue (60 mL in a 9-cm square plate) and incubated 
at 25 °C, >95% humidity. Colonies were imaged daily using an Epson 11000XL scanner. For 
onset of wrinkling determination, overnight precultures were diluted 1:100 and grown to mid-log 
phase, before 10 µl of the culture were spotted onto the agar plates. Time-lapse movies of colony 
development were assembled from images taken using a Logitec c930e webcam triggered at a 
15-minute interval by a custom Labview program.       
          
PMS Sensitivity 
Cultures were grown in LB for 16 h at 37 °C with continuous shaking at 250 rpm. After 16 h, 10 
µl of culture were spotted on morphology agar supplemented with 600 µM PMS and dried. 
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Plates were incubated in the dark at 25 °C. Colonies were imaged at indicated time points using 
an Epson 11000XL scanner. For quantification of CFUs, 10 µL of overnight LB precultures were 
spotted on filter disks overlaid on the same morphology agar +/- 600 µM PMS. After 48 h of 
growth, filter disks with the colonies were lifted from the agar using sterile forceps and added to 
a 1.5 mL screw-cap tube containing 1 mL phosphate-buffered saline (PBS) and disrupted with 3-
mm zirconium beads in a BeadRupter 12 homogenizer (Omni International, Inc.) for 90 seconds 
on the “high” setting. Dilutions of homogenized biofilms in PBS were plated on 1% tryptone, 
1% agar plates and incubated overnight at 37 °C, then colony forming units were counted. 
 
Statistical analysis 
Data analysis was performed using GraphPad Prism version 7 (GraphPad Software, La Jolla, 
CA). Values are expressed as mean ± SD. Statistical significance of the data presented was 
assessed with the two-tailed unpaired Student’s t-test. Values of p ≤ 0.05 were considered 
significant (*p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.0005). 
 
Protein structure prediction and presentation 
The structures for EcaB and PumA were predicted using the Phyre2 homology modeling 
engine78. These structures and ActVA-Orf6 (PDB: 1LQ9;79)  were visualized with the PyMOL 
Molecular Graphics System, Version 2.0., Schrödinger, LLC80. 
 
Imaging mass spectrometry  
Bacterial colonies of Pseudomonas aeruginosa were plated from frozen stocks onto ‘thin plates’ 
(3 mL of agar in 60 mm petri dishes) of 1% tryptone (Bacto) + 1% agar. After 24 hours of 
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incubation at 30 °C, colonies were used to inoculate 5 mL LB cultures, which were shaken at 
225 rpm at 30 °C for 24 hours. Five microliters of each liquid culture was plated onto separate 
thin plates supplemented with 200 µM PMS. PA14 ∆phz1/2 was grown both on supplemented 
and unsupplemented agar plates. Plates were incubated in a sealed container at room temperature 
in the absence of light. 
After five days of incubation, the colonies were physically excised on mats of the agar using 
razor blades and scalpels and laid flat on a steel MALDI plate (Bruker 96-spot ground). Two 
agar controls were also placed on the plate: one LB agar alone and one supplemented with 200 
µM PMS. MALDI matrix (50:50 ɑ-cyano-4-hydroxycinnamic acid (CHCA):2,5- 
dihydroxybenzoic acid (DHB)) was applied using a a 53 µm stainless steel sieve (Hogentogler & 
Co. Inc.) onto the colonies and agar. The steel plate was placed uncovered in a 37 °C oven for 12 
hrs or until dried. Excess matrix was removed using air. One µL of phosphorus red (1 mg/mL) 
was spotted on an agar-free area of the steel plate as a calibration standard. Data was gather in 
reflectron positive mode, from 100 - 2000 Da. Raster width across the sample was 200 µm. 
FlexImaging 4.1 was used with flexControl 3.4 to set up the IMS analysis, and regions of interest 
(ROI) were manually designated for each culture or growth condition. Laser power and detector 
gain were set to 30% and 3.0x, respectively. 500 shots were taken at 2000 Hz at each raster spot, 
with a laser width (Smartbeam Parameter Set) set to 2 (small). Resulting spectra were analyzed 
using flexImaging 4.1 after normalization to root mean square (RMS). 
 
Compound isolation and structure elucidation 
Strains of Pseudomonas aeruginosa were plated from frozen stocks onto 1% tryptone, 1% agar 
and incubated overnight at 30 °C. After 24 hrs, individual colonies were transferred into culture 
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tubes containing 5 mL of liquid LB (10 g tryptone, 5 g yeast extract, 10 g NaCl in 1L MilliQ 
water, pH 7.5) and shaken at 225 rpm and 30 °C. After 24 hrs, the liquid culture was diluted to 
an OD (500 nm) of 0.05 into 30 mL of LB. After 24 hrs, the liquid culture was again used to 
inoculate 1 L of LB an OD (500 nm) of 0.05. At an OD (500 nm) of 0.4-0.5 (early stationary 
phase), 200 µM of phenazine methosulfate (PMS) in MilliQ H2O was added to the culture. 
Alongside the 1L bacterial culture was an uninoculated 1L flask of LB, also with PMS added. 
The culture flasks were capped with milk filters and autoclave paper, secured with a rubber band 
and incubated for 48 hrs. The soluble compounds from the 1L culture were then extracted using 
Amberlite-XAD 16 resin (20 g/L of medium). The resin was shaken in the culture flask for one 
hour at 225 rpm and resin and cells were collected by vacuum filtration. The resin, cells, and 
filter paper were then back-extracted using 100-200 mL of MeOH. The organic material was 
dried in vacuo and separated based on polarity under solid phase extraction (SPE) using a 
Supelco Discovery DSC-18 cartridge (20ml, 5g). The material was subjected to seven elution 
steps, six covering a gradient of MeOH/H2O (A: 10% MeOH, B: 20% MeOH, C: 40% MeOH, 
D: 60% MeOH, E: 80% MeOH, F: 100% MeOH) and the seventh 100% EtOAc. All fractions 
were dried in vacuo. 
 
Fractions C, D, and E contained pumazine when checked by dried droplet (DD) on the MALDI-
TOF MS. Fraction E  was subjected to LC-MS/MS at a gradient of 40-100% MeOH/H2O over 30 
minutes. Pumazine was detected at 20.5 min (approximately 85% MeOH). Fraction E was 
subjected to an initial isocratic isolation at 72% MeOH (0.2% FA) using RP-HPLC on a C18 
column (Phenomenex Kinetex 5 µm C18, 100Å, 150 x 4.6 mm). Eluents between 3 and 4 
minutes were collected, dried in vacuo and further separated by HPLC using isocratic conditions, 
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50% MeOH (0.2% FA) over 12 minutes, on a biphenyl column (Phenomenex Kinetex 5 µm 
biphenyl, 100Å, 150 x 4.6 mm). Under these conditions, pumazine eluted at 8.1 minutes, the 
resulting red fraction was dried in vacuo and protected from light and air. The collected 
compound was a bright magenta color when dried. 
 
Pumazine: pink solid; [α]20 0 (c 0.1, MeOH); UV (MeOH) λmax (log ɛ) 280 (10.88) nm, 380 
(11.02) nm, and 508 (11.14) nm; IR (glass, cm-1) 3413, 2980, 1596, and 1384; 1H NMR (400 
MHz, DMSO-d6) δ 7.26 (d, 1H, J = 8.5 Hz), 7.98 (d, 1H, J = 8.5 Hz); HRESIMS m/z [M+H]+ 
275.0308 (calc. C12H7N2O6, 275.0304). 
 
NMR spectra were collected on a Bruker AVII 400 MHz spectrometer equipped with a 5-mm Z-
gradient BBO probe with an internal standard of tetramethylsilane (TMS) and referenced to 
residual solvent proton signals (ΔH 2.50 for DMSO). HPLC purifications were performed with 
an Agilent Technologies 1260 Infinity HPLC. All solvents were ‘Optima’ grade and were used 
without further purification. Direct infusion was performed on a LCQ Advantage Max (Thermo 
Finnigan). LC-MS/MS experiments were performed on an 6300 ion trap (Agilent Technologies). 
HRESIMS data were collected both on an 6550 i-Funnel Q-TOF (Agilent Technologies) and an 
Impact II Q-TOF (Bruker Daltonics). UV data were collected on a UV-2401PC UV/Vis 
spectrophotometer (Shimadzu). IR data were collected on Thermo Scientific Nicolet 6700 FT-
IR. Optical rotation data were collected on a 241 Polarimeter (Perkin Elmer). 1H NMR modeling 




Electrochemical measurements were performed on a µAutolab Type III potentiostat (Eco 
Chemie, Metrohm) in a Faraday cage. The electrochemical cell contained a glassy carbon (d = 
2.4 mm) disc working electrode, a platinum wire counter electrode, and an Ag/AgCl reference 
electrode (BASi). Electrodes were mechanically polished with 1.0 µm and 0.3 µm alumina 
slurries (Buehler), after which they were rinsed with distilled water. Solutions were purged with 
ultra-high purity N2 (g) prior to and during the experiment. Cyclic voltammograms were 
recorded at a scan rate of 0.1 Vs-1 for five consecutive cycles. The fifth scan is plotted. Potentials 
are reported versus Ag/AgCl. Phenazine methosulfate was obtained from TCI America and 
pumazine was purified as indicated in mass spectrometry methods above. Both compounds were 
tested at a 15 µM concentration. Aprotic solvent system: Dimethyl sulfoxide (DMSO) with 100 
mM tetrabutylammonium hexafluorophosphate (TBAPF6). Protic solvent system: 20 mM MOPS 
with 100mM potassium chloride. All chemicals were purchased from Sigma Aldrich at analytical 
(>99.5%) purity and used without further purification. 
Results  
Genes for N-methylated phenazine production, and those implicated in resistance, co-occur 
in pseudomonad species 
SoxR-mediated regulation is important for normal P. aeruginosa PA14 biofilm development and 
growth under conditions where N-methylated phenazines are produced or added to the growth 
medium45. It was hypothesized that the ability to produce N-methylated phenazines and proteins 
that protect from these compounds would correlate in Pseudomonas species. In P. aeruginosa, 
phenazine methylation is catalyzed by the enzyme PhzM, which converts phenazine-1-
carboxylic acid (PCA) to 5-Me-PCA.81  
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The Pseudomonas Genome Database82 was used to search for orthologues of SoxR, PhzM, and 
proteins that are expressed in response to SoxR activation. 74 species with SoxR orthologues 
were found. Orthologues of PhzM were present in only four species, all of which also contained 
SoxR. There is a perfect overlap between genomes that contained orthologues of phzM and 
PA14_35160 (pumA), which encodes a putative monooxygenase and is regulated by SoxR. 
Orthologues of mexG, which is also regulated by SoxR and encodes a component of the efflux 
pump that protects P. aeruginosa from N-methylated phenazines45, were found in these same 
four genomes and an additional five genomes, all of which also contained soxR (Figure 3-1). 
Thus, the potential to produce methylated phenazines is a relatively rare feature among 





Figure 3-1 – N-methylated phenazine production in pseudomonads (phzM) overlaps tightly with genes encoding 
PumA and MexGHI-OpmD, indicating a related function between types of phenazines produced and genes regulated 




A mutant lacking PumA shows altered growth and biofilm development in response to 
synthetic and endogenous N-methylated phenazines 
The P. aeruginosa phenazine biosynthetic pathway is branched and yields at least four different 
phenazine products during biofilm growth on standard medium (1% tryptone, 1% agar) (Figure 
1-4). The phenazine 5-Me-PCA has more pronounced effects on SoxR-mediated gene expression 
and colony morphogenesis than other P. aeruginosa phenazines45. Because 5-Me-PCA is 
unstable, the synthetic analog PMS is used to characterize the effects of specific gene deletions 
on P. aeruginosa’s responses to methylated phenazines. A time course examining the colony 
development of wild-type PA14 and mutants representing SoxR and SoxR-regulated genes 
shows that ∆pumA colony biofilms show defective growth on medium containing 600 µM PMS 
and that pumA and mexGHI-opmD together account for the full degree of protection from PMS 
afforded by the SoxR regulon ( 
Figure 3-2a)45. 
Though N-methylated phenazines such as PMS are toxic at high concentrations, previous work 
has indicated that they can provide a physiological benefit at lower concentrations by acting as 
alternate electron acceptors for cells in oxygen-limited regions of biofilms45. This cellular redox 
balancing promotes the formation of smooth colonies, while electron acceptor limitation 
promotes colony wrinkling83. To determine whether PumA is involved in the morphological 
response to an endogenous N-methylated phenazine, a series of combinatorial mutants was 
generated with deletions in phz genes and SoxR target genes. Mutants shown in  





Figure 3-2 – PumA contributes to P. aeruginosa phenazine resistance and colony development. (a) Growth of 
WT PA14 and mutants on medium containing 600 µM PMS. (b) Colony biofilm development of ∆pumA and 
∆mexGHI-OpmD in a strain background that overproduces methylated phenazines (∆phzH). Deletion of pumA 
stimulates colony wrinkling, while deletion of mexGHI-opmD inhibits it, under this condition. (c) Onset of 
wrinkling relative to parent strains ∆phzH (top) and ∆phzHM (bottom) for the indicated mutants. Deletion of pumA 
stimulates colony wrinkling, while deletion of mexGHI-opmD (“mex”) inhibits colony wrinkling. This wrinkling 
differential is specific to the overproduction of N-methylated phenazines, as the onset of wrinkling in the 
∆phzH∆phzM background is not significantly different from that of the parent for ∆pumA or ∆mex.  
 
In this background, deletion of pumA stimulates colony wrinkling, while deletion of mexGHI-
opmD has the opposite effect ( 
Figure 3-2b). To assess whether the earlier onset of wrinkling in ∆pumA strains could be attributed 
specifically to the effect of methylated phenazines, colony phenotypes of ∆pumA in the presence 
and absence of the methyltransferase gene phzM were examined.  
Consistent with the notion that PumA acts on methylated phenazines, there was no significant 
effect on colony development in a phzM deletion background (Figure 3-2c and Figure 3-3a). 
Accordingly, a deletion of pumA in the ∆phz background did not affect colony morphology in the 
absence of phenazines, but led to enhanced colony wrinkling when the strains were grown on the 
synthetic methylated phenazine PMS at all concentrations of PMS tested (Figure 3-3b). 
Together, these results implicate PumA in P. aeruginosa phenazine resistance and phenazine-
mediated repression of colony wrinkling. This work suggests that mexGHI-opmD deletion leads 
to increased retention of 5-Me-PCA and other N-methylated phenazines, thereby leading to a 
more oxidized cellular redox state and inhibition of colony wrinkling. The fact that a pumA 
deletion stimulates colony wrinkling suggests that this mutant harbors a more reduced cellular 
redox state. It was hypothesized that PumA converts 5-Me-PCA and/or other N-methylated 
phenazines to products with potentials that are more oxidizing as a mechanism of redox 
homeostasis. To test if this is a conserved mechanism among SoxR-regulated monooxygenases, 
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the phenazine tolerance of ∆pumA strains complemented with a SoxR-regulated monooxygenase 
from S. coelicolor, EcaB, was tested. 
 
Figure 3-3 - Effect of PumA on colony development. (a) Colony development for the PA14 ∆phzHM parent strain 
and combinatorial mutants. Deletion of pumA or mexGHI-opmD (“mex”) does not significantly affect colony 
morphology. Colonies were grow on 1% tryptone, 1% agar medium containing the dyes Congo red and Coomassie 
blue. (b) Growth of ∆phz and ∆phz∆pumA on 1% tryptone, 1% agar containing the dyes Congo red and Coomassie 
blue and increasing concentrations of PMS as indicated. Lower concentrations of PMS stimulate wrinkling, while 
higher concentrations inhibit growth, in ∆phz∆pumA relative to ∆phz. 
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PumA is a putative monooxygenase 
PumA is orthologous to two separate proteins found in Streptomyces coelicolor: ActVA6-Orf6 
and EcaB. ActVA6-Orf6 has been crystallized as a dimer and acts as a monooxygenase in the 
synthesis of a polyketide called actinorhodin79,84. This redox-active antibiotic affects S. 
coelicolor colony morphogenesis in a manner similar to that of phenazines in P. aeruginosa49. 
Actinorhodin also activates S. coelicolor SoxR, which controls expression of a 6-gene regulon 
that includes ecaB85. The conserved regulation of PumA and EcaB expression by SoxR suggests 
that these two putative monooxygenases may have similar functions. EcaB is approximately 
twice the length of PumA (234 vs. 125 amino acid residues). This increased size is likely due to 
an internal duplication, as the EcaB monomer consists of two domains that are each homologous 
to PumA (Figure 3-4a). The N-terminal and C-terminal domains of EcaB will subsequently be 
referred to as “EcaBN” and “EcaBC”, respectively. In a previous study, Sciara et al. identified 
four active site residues, which are highlighted in the ActVA-Orf6 shown in Figure 3-4a. Two of 
these, an asparagine and a tryptophan, are well conserved between orthologues and were 
proposed to be required for catalysis, while the two poorly conserved tyrosine residues were 
proposed to confer substrate specificity in divergent monooxygenases79. Though EcaBN contains 
a histidine in place of the catalytic asparagine residue, both PumA and EcaBC contain putative 
active sites (Figure 3-4b). Given the similarities between PumA and the C-terminal domain of 
EcaB, we were interested in examining whether EcaB and EcaBC could functionally replace 
PumA in vivo. 
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Figure 3-4 - PumA shows homology to the S. coelicolor monooxygenase ActVA-Orf6 and the S. coelicolor 
protein EcaB, which also confers PMS tolerance in P. aeruginosa. (a) Top: Domain architectures of the S. 
coelicolor monooxygenase ActVa-Orf6, P. aeruginosa PumA, and the S. coelicolor SoxR-target EcaB. Vertical 
lines represent locations of residues that are important for ActVA-Orf6 activity. Bottom: Alignment of selected 
regions from S. coelicolor ActVA-Orf6, P. aeruginosa PumA, and S. coelicolor EcaB. Catalytic site residues 
identified in S. coelicolor ActVA-Orf6 that are conserved are indicated with shading. (b) Structure of S. coelicolor 
ActVA-Orf6 (center), and threaded structures of S. coelicolor EcaB (left) and P. aeruginosa PumA (right). Domains 
are color-coded as in panel (a). (c) Assay for tolerance to 600 µM PMS. Biofilms were grown on 1% tryptone + 1% 
agar for 4 days, then whole colonies were homogenized for colony forming unit plating. Error bars represent the 
standard deviation of biological quadruplicates. p-Values were calculated using unpaired, two-tailed t tests (p > 0.05 
were considered not significant; ** p ≤ 0.005; ***p ≤ 0.0005). 
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To test whether EcaB, EcaBC, or a version of PumA with a mutant active site (i.e., lacking the 
conserved asparagine and tryptophan residues) could confer PMS tolerance in a ∆phz∆pumA 
background, strains were grown on medium with or without 600 µM PMS. After 4 days of 
growth, biofilms were harvested and homogenized and plated for colony forming units (CFUs). 
In this assay, ∆phz∆pumA showed a 1.5 log decrease in CFUs for biofilms grown on 600 µM 
PMS compared to those grown on tryptone alone (Figure 3-4c). Resistance to PMS was rescued 
by complementation with intact PumA (∆pumA::pumA). When ∆phz∆pumA was complemented 
with a catalytic site mutant of PumA, PumAN76A,W80A, there was no observable rescue of PMS 
resistance. Complementation of ∆phz∆pumA with both full-length ecaB and ecaBC resulted in 
partial rescue on 600 µM PMS. These results suggest that EcaB and PumA could play similar 
roles in antibiotic self-resistance in their respective organisms, suggesting a more widespread 
role of SoxR-mediate redox homeostasis. 
 
PumA modifies PMS during growth in biofilms and liquid cultures 
In S. coelicolor, ActVA-Orf6 catalyzes the oxidation of an intermediate in actinorhodin 
biosynthesis. This reaction converts 6-deoxydihydrokalafungin into dihydrokalfungin 
(quinone)79. By analogy, it was hypothesized that PumA could transform phenazines. We used 
imagining mass spectrometry (IMS) to identify PumA-specific metabolites produced by biofilms 
grown on medium containing 200 µM PMS (Error! Reference source not found. and Figure 
3-6)86. We identified two metabolites, m/z 182.1 and m/z 274.7, that (a) showed increased 
abundance in ∆phz biofilms grown on PMS when compared to ∆phz∆pumA biofilms grown on 
PMS and (b) were absent from ∆phz biofilms grown on PMS free medium.  
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Figure	3-5	-	Top: Optical images of colony biofilms and imaging mass spectrometry results 
showing distribution of metabolites with the indicated mass-to-charge (m/z) ratios (in cyan or 
fuschia) overlaid on colony images. Colonies were grown for five days on 1% tryptone and 1% 
agar. PMS was added to the medium where indicated. Bottom: Structure for PMS and predicted 
structure for pumazine. 
	
 
To purify enough compound to enable identification, ∆phz and ∆phz∆pumA were grown 
planktonically in medium containing 200 µM PMS, and culture supernatants were analyzed for 
PumA-specific compounds that also occurred during biofilm growth. The m/z 274.7 compound 
identified by IMS of biofilms was also produced during growth in liquid culture. Species m/z 
182.1 was not observed in liquid culture and was therefore not pursued for further structure 
elucidation studies.  
 
Species m/z 274.7 was purified from culture supernatants and its determined structure using LC-
MS/MS fragmentation and NMR. This metabolite, henceforth called pumazine, is a highly 
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modified phenazine core with six additional oxygen atoms substituted at six different aromatic 
carbons. Deuterium exchange indicates that four of the oxygen substituents are hydroxyl groups 
and the remaining two oxygens are in keto form (quinone). The purified pumazine compound 
was further characterized by UV-visible spectrophotometry and cyclic voltammetry. The 
absorbance spectra of natural phenazines often show absorbance maxima in the ranges of 250-
290 nm and 350-400 nm, with a subset showing a peak between 400-600 nm consistent with 
coloration87,88. Pumazine displays characteristic phenazine absorbance peaks at 280, 375, and 
515 nm (Error! Reference source not found.b). The redox activity of pumazine was examined by 
yclic voltammetry in aprotic (0.1 M TBAPF6 / DMSO) and protic (20 mM MOPS buffer, pH 7. ) 
solvent systems. In both media, a quasi-reversible redox couple is observed on glassy carbon 
electrodes that is shifted relative to PMS (∆Emid ~ 360 mV) in DMSO; ∆Emid ~ 220 mV in MOPS 




Figure 3-6 - Identification of PumA-dependent metabolites. Several IMS signals are elevated in the conditions of 
∆phz + PMS relative to other strains and ∆phz without PMS. The m/z 274.7 is discussed further in the main text. 
The bottom three signals are spontaneous products of PMS in agar. Colors are digitally generated but represent the 




Figure 3-7 - Pumazine and PMS spectrophotometry and electrochemistry. (a) UV-Visible 
absorbance spectra for pumazine (purple) and PMS (green) in 10 mM KCl and 20 mM MOPS (pH 7.2). 
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Inset: Purified pumazine in 10 mM KCl and 20 mM MOPS (pH 7.2). (b) Left panel: Cyclic 
voltammograms of pumazine (purple trace, Emid = -361 mV vs. Ag/AgCl) and PMS (green trace, 0 mV vs. 
Ag/AgCl) in DMSO with 0.1 M TBAPF6 as a supporting electrolyte. Middle panel: Five consecutive 
voltammetric scans of pumazine in 0.1 M TBAPF6/ DMSO. Right panel: Five consecutive voltammetric 
scans of PMS in 0.1 M TBAPF6/ DMSO.  (c) Left panel: Cyclic voltammograms of pumazine (purple 
trace, Emid =  -341 mV vs. Ag/AgCl) and PMS (green trace, Emid = -122 mV vs. Ag/AgCl) in 20 mM MOPS 
buffer (pH 7.2) with 100 mM KCl as the supporting electrolyte. Middle panel: Five consecutive 
voltammetric scans of pumazine in 100 mM KCl/ 20 mM MOPS (pH 7.2). Right panel: Five consecutive 
voltammetric scans of PMS in 100 mM KCl/ 20 mM MOPS (pH 7.2). All voltammograms were 
measured at a scan rate of 0.1 V/s on a glassy carbon electrode. In the middle and right panels, the fifth 
scans are displayed in a contrasting color. Reported midpoint potential values correspond to peaks labeled 
I and II for pumazine and III and IV for PMS in left panels of (b) and (c). 
 
 
PumA acts on endogenous phenazines 
Studies in the Dietrich laboratory have indicated that P. aeruginosa colony morphogenesis is 
linked to cellular redox state37,89 and phenazine-dependent repression of colony wrinkling is 
mediated in part by the oxidizing effects of these compounds38, it was hypothesized that the early 
onset of wrinkling in ∆pumA mutants was stimulated by a shift in the stoichiometry of the 
intracellular phenazine pool. A fluorescent reporter of mexGHI-opmD expression, PmexG-GFP, 
was used as a proxy for SoxR activity in liquid culture. Previous work has shown that ∆phzH 
mutants, which produce increased amounts of 5-Me-PCA, show the highest levels of SoxR 
activation when compared to strains with intact or otherwise altered phenazine biosynthetic 
pathways45,90, and so experiments were done in this background. Removal of the MexGHI-
OpmD efflux pump, which transports 5-Me-PCA, further induces mexGHI-opmD expression. As 
SoxR is activated by oxidation of its Fe-S cluster, these results are consistent with the fact that 5-
Me-PCA has the most oxidizing potential (Emid = -80mV vs Ag/AgCl)of all of the well-
characterized P. aeruginosa phenazines91. To test whether the endogenous phenazine pool is 
affected by the ∆pumA mutation, the PmexG-GFP reporter was transferred into a ∆phzH∆pumA 
mutant and fluorescence during growth in well-mixed liquid cultures was measured. Relative to 
∆phzH∆mex and ∆phzH strains, this strain showed lower levels of GFP expression, suggesting 
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that it has a phenazine pool with a more reducing potential than its parent strain (Figure 3-8a). 
From this data it can be inferred that the SoxR regulon supports redox homeostasis by 
modulating the phenazine pool: While the efflux pump MexGHI-OpmD counteracts excessively 
oxidizing conditions by exporting methylated phenazines, PumA modifies endogenous P. 
aeruginosa phenazine structures and/or levels in a way that shifts the conditions inside the cell to 
a more oxidizing state (Figure 3-8b). 
 
 
Figure 3-8 - PumA and MexGHI-OpmD divergently affect SoxR activation. (a) In a mutant background that 
overproduces N-methylated phenazines (5-Me-PCA) ∆mex strains show increased transcription of a GFP reporter 
under control of a SoxR target sequence, while ∆pumA strains show decreased transcription. Because SoxR is 
activated by oxidized phenazines, these results indicate that the phenazine pool is more oxidizing in ∆mex strains 
and more reducing in ∆pumA strains (b) Phenazine-mediated oxidation of SoxR activates transcription of target loci, 
including the mexGHI-opmD operon (encoding an efflux pump), and PA14_35160 (pumA) (encoding a putative 
monooxygenase). Mutant colony morphotypes and reporter gene expression data indicate that these SoxR targets 
have differential effects on the redox potential of the cellular phenazine pool: while MexGHI-OpmD-mediated 
efflux leads to phenotypes consistent with a more oxidizing phenazine pool, PumA activity leads to phenotypes 
consistent with a more reducing one. We propose that these proteins work simultaneously to ensure optimal 
phenazine self-resistance in P. aeruginosa PA14. 
 
The measured midpoint potential of pumazine is much more negative than values reported for N-
methylated phenazines (Figure 4-7)34–36. If pumazine were the primary product of PumA, the 
∆pumA mutation would lead to a more oxidized environment. However, pumA deletion leads to 
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earlier wrinkling (Figure 4-2) and decreased SoxR reporter activity (Figure 4-8), effects 
consistent with a more reduced cellular redox state. These findings indicate that pumazine is not 
the direct product of PumA activity, which is plausible given the known reactivity of modified 
phenazines. Nevertheless, our results suggest that PumA acts on endogenous phenazines to 
modulate cellular redox conditions and prompt us to propose a model in which the SoxR regulon 
supports redox homeostasis by modulating the phenazine pool: While the efflux pump MexGHI-
OpmD counteracts excessively oxidizing conditions by exporting methylated phenazines, PumA 
modifies endogenous P. aeruginosa phenazine structures and/or levels in a way that shifts the 




These results suggest that PumA acts on endogenous and exogenous N-methylated phenazines to 
yield a phenazine pool that supports P. aeruginosa growth and colony development. They also 
indicate that EcaB could similarly act on antibiotics produced or taken up by S. coelicolor. The 
SoxR-mediated induction of modifying enzymes may therefore represent a conserved 






4 Controlling biofilm morphogenesis by modulating phenazine 
oxidation state 
 
In the preceding chapters, I provided evidence that two components of the SoxR regulon, the 
small protein MexG and the monooxygenase PumA affect biofilm morphogenesis in the 
presence of exogenous and/or endogenous redox-cycling compounds. Together, these data show 
that the SoxR regulon plays an important role in maintenance of redox homeostasis in the 
biofilm. In this chapter, I will describe how biofilm development can be controlled by changing 
the oxidation state of phenazines at an electrode located outside the biofilm.  
 
Rationale 
Metabolic gradients have been shown to affect morphogenic programs in diverse organisms, 
ranging from mammalian fetal development and tumor angiogenesis to pattern organization in 
slime molds92,93. Gradients of terminal electron acceptor, specifically, are found in bacterial 
biofilms of many species94,95, and have been shown to drive wrinkling morphogenesis in P. 
aeruginosa biofilms36. Addition of alternative terminal electron acceptors, such as nitrate, to the 
agar below a phenazine-null biofilm results in a recapitulation of the smooth morphology 
observed in a WT biofilm, likely through the elimination of the redox gradient observed in the 
presence of a single, top-down, terminal electron acceptor42. In addition to a vertical gradient of 
phenazine oxidation state, it has been shown that biofilms produce phenazines in a laterally 
distributed fashion96,97, indicating that spatial distribution of specific phenazines may also play a 
role in biofilm morphogenesis.  
 
To address the question of how phenazines oxidation state affects biofilm morphogenesis, an 
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electrochemical platform was designed to reduce or oxidize phenazines at the base of the 
biofilm. I will describe how applying an oxidizing potential at the colony base affects 
morphogenesis by attenuating wrinkling. The phenazine-dependence of this phenotype was 
verified by sectioning of biofilms expressing a SoxR-driven GFP reporter, PmexGGFP, which 
showed that oxidized phenazines result in thicker biofilms with less matrix production, 
corresponding to the macro morphology observed.  
 
Materials and Methods 
Biofilm growth 
Ten µl of exponential phase cultures of specified strains were spotted onto filter disks (Whatman 
Nucleopore track-etched membrane cat. no. 800281) placed on colony morphology medium (1% 
tryptone 1% agar, Teknova; 40 µM congo red; 20 µM coomassie blue; 10 µM KCl). Phenazine 
methosulfate (TCI cat. no. P0083) was added to the medium at a concentration of 100 µM unless 
otherwise noted. Plates were incubated for 24 hours at 25˚C  and >95% humidity.  
 
Electrochemistry setup  
Seven milliliters of colony morphology medium was added to the electrochemistry setup 
containing an agar bridge (1M KCl in 1% agar) and a cylindrical carbon foam working electrode 
(Erg Aerospace Duocel reticulated carbon foam, 45 PPI, 1” x 1/8” dimensions). Before 
assembly, the working electrode was connected to a 1” piece of 99.99% purity platinum wire 
(Sigma Aldrich cat. no.267-201) with conductive carbon glue (Pellco cat. no.1605) and dried for 
at least one hour at 100˚C to prevent solvent carryover. After drying period, electrodes were 
sterilized with 70% EtOH and dried under a stream of nitrogen. Sterilized electrodes were pre-
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wetted with molten colony morphology medium and dried under a stream of nitrogen twice 
before assembly. The assembled setup was filled with 7 mL colony morphology medium and 
equilibrated at room temperature for 1 hour. Electrical connection between reference (Ag/AgCl, 
BASi), counter (Erg Aerospace Duocel reticulated carbon foam, 60ppi, 2” x ¾” x ¼”) and 
working electrodes was confirmed with a cyclic voltammetric sweep from 0.4 V to -0.6 V at a 
scan rate of 0.1V/s using a CH Instruments, model no. 760D potentiostat.  
 
Timelapse imaging and image analysis 
Colonies were incubated at 25˚C, >95% humidity in a small-footprint incubator (VWR cat. no. 
89511-416). Timelapse movies of colony development were generated from still images taken 
with Logitec 760E webcams at fifteen minute intervals, in an equivalent configuration to what 
has previously been published98. To report wrinkling in a quantitative manner, still images of 
biofilm development at one-hour intervals before and after the observed onset of wrinkling were 
converted to 8-bit grayscale, and analyzed with the Fiji FindEdges command. Processed images 
were then thresholded and area of threshold was measured and plotted over time.  
 
Colony sectioning 
For visualizing SoxR expression, a previously described strain containing a fluorescent reporter 
of SoxR-driven expression was used, PmexG-GFP90. Overnight cultures of PmexG-GFP were 
diluted 1:100, and incubated at 250 rpm, 37˚C. When cultures reached OD500 of ~1.0, 1 µL of 
culture was spotted onto a two layer plate (1.5 mm surface, 4.5 mm basement) of colony 
morphology medium containing PMS. After 24 hours of growth at 25˚C, colonies were 
transferred onto the electrochemical setup, containing 6.5 mL colony morphology medium with 
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PMS and incubated for a second 24 hour period with an applied potential of 0.3V. After 
incubation, colonies were covered with a 1.5 mm layer of 1% agar and allowed to solidify. 
Sandwiched colonies were removed from the setup and transferred to 4% formaldehyde, 50 mM 
L-lysine, PBS (pH 7.4) for  24 hours at room temperature. Fixed colonies were washed twice in 
PBS and dehydrated through a series of ethanol washes (25%, 50%, 70%, 95%, 3 × 100% 
ethanol) for 60 min each. Colonies were cleared via three 60-min incubations in Histoclear-II 
(National Diagnostics cat. no. HS-202) and infiltrated with wax via two separate washes of 100% 
Paraplast Xtra paraffin wax (Thermo Fisher Scientific cat. no. 50-276-89) for 2 hr each at 55˚C. 
Colonies were allowed to polymerize overnight at 4˚C. Tissue processing was performed using 
an STP120 Tissue Processor (Thermo Fisher Scientific cat. no. 813150). Trimmed blocks were 
sectioned in 10-µm-thick sections perpendicular to the plane of the colony using an automatic 
microtome (Thermo Fisher Scientific cat. no. 905200ER), floated onto water at 45˚C, and 
collected onto slides. Slides were air-dried overnight, heat-fixed on a hotplate for 1 hr at 45˚C, 
and rehydrated in the reverse order of processing. Rehydrated colonies were immediately 
mounted in TRIS-Buffered DAPI:Fluorogel (Thermo Fisher Scientific cat. no. 50-246-93) and 
overlaid with a coverslip. Differential interference contrast (DIC) and fluorescent confocal 
images were captured using an Zeiss AxioZoom fluorescence microscope (Zeiss, Germany). 







Developing a platform for electrochemical studies of morphogenesis 
First generation platform 
The first generation setup contained two planar three-electrode electrochemical cells. The setup 
was a micro-fabricated chip with lateral symmetry of a working electrode (gold), reference 
electrode (electroplated silver/silver chloride), and counter electrode (gold). To eliminate a short 
circuit between these two sets of electrodes, and to provide a nutrient reservoir for the biofilm, a 
1 mm spacer was attached to the surface of the chip. This spacer allowed for the use of a single 
biofilm as both the experimental and control condition, as two halves of a single biofilm could be 
differentially stimulated. A bird’s eye view of the design is shown in Figure 4-1. The thickness 
of the medium poured into the two sides of the mold was carefully controlled, as nutrient 
availability plays an important role in biofilm development. The assembled setup was placed into 
a 25˚C incubator at >95% humidity to further control environmental conditions.  
 
Figure 4-1 - First generation electrochemical setup for biofilm stimulation. The plastic spacer has been removed 
to more easily visualize electrode configuration 
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Although this form factor offered promising results, they were inconsistent from trial to trial – 
and biofilm wrinkling was severely attenuated even when no potential was applied. To test if 
biofilm wrinkling could proceed normally on a 1-mm thick layer of agar-solidified medium, 
wild-type P. aeruginosa biofilms were spotted onto filter disks and pregrown for 24 hours on a 
5-mm thick layer of agar-solidified medium. Eight hours or less prior to the onset of wrinkling 
on a thick layer of agar-solidified medium, colonies were moved from thick basal colony 
medium (>5 mm) to a thin layer of agar-solidified medium medium (1 mm)  (Figure 4-2).  
 
Biofilms that had been transferred 7 hours before the onset of wrinkling did not wrinkle, 
indicating that a 1-mm layer of medium is only sufficient to support a colony for less than 7 
hours under our experimental conditions. To provide an environment where biofilm wrinkling 
could proceed normally, a second-generation setup was designed where colonies could be grown 




Figure 4-2 – Testing growth medium thickness requirements for biofilm morphogenesis. Starting at 8 hours 
prior to the onset of wrinkling in a WT biofilm, colonies are transferred from a 5 mm thick morphology agar layer 
were transferred to 1 mm thick morphology agar layer. Colonies moved more than seven hours before the onset of 




Figure 4-3 - Second generation electrochemical setup. The setup has been amended to provide a large volume 
dish for colony development. 
 
Second generation platform 
Due to experimental variability in the previous iteration, several changes were made the the 
electrochemical platform. First, experimental and control colonies were separated into two 
different entities, as electrical continuity between two halves of a biofilm could easily be 
mediated by phenazine diffusion, confounding experimental results. Second, electrodes were 
changed from the custom configuration used in the first generation to commercially available 
electrodes (BASI, Ag/AgCl reference, gold 3mm working, and 1mm gold counter). Third, the 
form factor of the morphology agar was updated to reflect nutrient requirements of 
morphological development. To do so, a custom design with a morphology agar reservoir of the 
same depth as that normally used in the standard colony morphology assay37 (> 5mm) was 3D 
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printed. Fourth, the counter and working electrodes were spatially separated, with electrical 
connectivity ensured by a 1M KCl 1% agar salt bridge to prevent reduction of phenazines at the 
counter electrode (Figure 4-3). Wild type P. aeruginosa colonies were pregrown as indicated in 
the methods, then transferred to the setup where they were stimulated at + 0.3 V using a CH 
Instruments 760D potentiostat in chronoamperometry mode. Movies of biofilm development 
were assembled from timelapse images taken using a webcam connected to custom software that 
captured an image every 15 minutes.  
 
Using this improved platform, application of oxidizing potentials results in a delay of wrinkling 
versus that of unstimulated colonies. However, the variance in the delay across different 
experimental trials was much larger than the variance of the wrinkling time of a single mutant. 
This was likely due to a feedback mechanism on phenazine production in WT biofilms, as 
stimulation of PA14 wild type biofilms at the potentials used leads to changes in phenazine 
production99.  
 
Third generation platform 
To address these issues, two modifications were made in the next iteration. First, all 
experimental strains were switched to phenazine null strains supplemented with 100 µM PMS in 
the morphology agar, to control variability of phenazines. Second, the electrode material was 
changed from the planar configuration used previously to a reticulated carbon foam (1/8” x 1” 
disk, 45 pores per inch, 97% void volume) electrode. A carbon foam electrode at the dimensions 
given has a surface area 6000X that of the planar 3 mm electrode used in the previous setup. To 
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ensure sufficient current at the counter electrode, the commercial 1 mm gold counter electrode 
was replaced with a piece of reticulated carbon foam (Figure 4-4).  
 
 
Figure 4-4 - Final setup used for electrochemical stimulation. A Schematic of final setup used for experiments. 
Reference (RE) and counter (CE) electrodes are in 3M NaCl, connected to the carbon foam with a 1M KCl salt 
bridge. B Final setup with carbon foam, before addition of morphology agar. 
 
Phenazine oxidation state is major contributor to the onset of wrinkling 
To determine the role of phenazine oxidation state in biofilm morphogenesis, I applied a +0.3 V 
potential to experimental colony, and compared the rate of wrinkle development versus that of a 
control colony. After 24 hours of growth, colonies were transferred to the electrochemical setup, 
assembled as described in the methods section. A glass cover was placed on top of the reservoir 
to prevent evaporation during the experiment, and setup with colonies was transferred into a 
25˚C incubator for the duration of the experiment. A potential of +0.3 V was continuously 
applied with a CH Instruments potentiostat. Movies of biofilm morphogenesis were assembled 
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from images taken every 15 minutes using a webcam connected to custom software, and used to 
quantitatively evaluate the onset of wrinkling as described in the methods.  
 
In the presence of PMS, stimulated colonies develop wrinkles both slower and to a lesser degree 
than do unstimulated colonies. Trends in wrinkle biogenesis are reversed in conditions without 
PMS, where degree of wrinkling rises earlier and faster in stimulated colonies than in conditions 
with PMS.  
 
 Figure 4-5 - Dynamics of wrinkle development of ∆phz biofilms with and without PMS. Representative images 
of three trials for each condition. 
 
That stimulated colonies in the absence of phenazines wrinkle earlier than unstimulated controls 
indicates the presence of a redox-cycling compound with a midpoint potential above 300mV ( 
Figure 4-5). Another possible candidate for this would be the exopolysaccharides that constitute 
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biofilm matrix, which have recently been shown to have midpoint potentials between +0.3 V and 
+ 0.5 V, depending on the species100.  
 
Electrode-oxidized phenazines activate SoxR  
It has been previously observed that redox stress in the form of an increased NADH/NAD+ ratio 
precedes biofilm wrinkling, and it is likely that this stress is spatially distributed through the 
biofilm. There is an extracellular gradient of phenazine oxidation state in the extracellular space 
of the biofilm42, as well as an intracellular distribution of expression in fermentative90 and 
respiratory metabolism genes42. Further evidence for the presence of a phenazine oxidation 
gradient is a distinct pattern of SoxR expression through the depth of the biofilm. This 
expression pattern has three distinct zones, which likely correspond to different degrees of 
oxygen availability, and by proxy to different steady-state NAD(H) conditions - a zone of 
aerobic metabolism with a low NADH/NAD+ ratio, which corresponds to high PmexG-GFP 
expression; a zone of oxygen limited metabolism with an intermediate NADH/NAD+ ratio, 
which corresponds to intermediate PmexG-GFP expression; and a zone of anoxic metabolism with 
a high NADH/NAD+  ratio, which corresponds to low PmexG-GFP expression (Figure 4-6).  
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Figure 4-6 – PmexG-GFP expression in day 3 colonies grown on tryptone. Colonies used in this experiment are 
WT strains, so distribution of PmexG-GFP expression is a combinatorial result of multiple phenazines. The oxygen 
and redox gradients in a phenazine-null expressing strain of PmexG-GFP. Representative image of three biological 
replicates. 
 
I hypothesized that, if the three zones observed in WT colonies reflect a phenazine oxidation 
gradient through the depth of the biofilm, and that applying an oxidizing potential from below 
the biofilm would lead to a disruption of the gradient, visualized in the form of a change in 
PmexG-GFP fluorescence distribution.  In order to test this, I grew colonies of a PmexG-GFP 
expressing strain in the presence of an oxidizing potential and performed histological sectioning.  
 
For this experiment, PmexG-GFP strains were pregrown for 24 hours on morphology agar 
containing 100 µM PMS, and then transferred to the electrochemical setup containing fresh agar 
with an equivalent concentration of PMS. Colonies were stimulated with a +0.3 V potential for 
24 hours, after which point they were overlaid with a 1.5 mm-thick layer of agar and 
69		
immediately transferred into a formaldehyde-based fixative. Colonies were histologically 
sectioned and imaged according to methods described in detail in the “materials and methods” 
section of this chapter. Quantification of PmexG-GFP expression through the biofilm was done 
using Fiji101, by averaging fluorescence across three 250 pixel sections of each biofilm section. 
Representative results of four biological replicates are shown below, in Figure 4-7.  
 
Figure 4-7 - SoxR expression in stimulated biofilms vs unstimulated in the presence of PMS. Stimulated 
colonies are thicker and show more PmexG-GFP expression in the basal stratum of the biofilm. Zone of low 
fluorescence intensity between 45 and 55 µM is likely the location of matrix production. Representative 
fluorescence of four biological replicates. 
 
 
Supplying oxidized phenazines from below the biofilm results in a fluorescence pattern that 
correlates to the three zones of oxygenation observed in the biofilm section showed in Figure 
4-6: an overlapping aerobic fluorescence peak at 35 µm into the biofilm, a decreased 
microaerobic fluorescence at roughly 50 µM into the biofilm, a diverging anaerobic fluorescence 
from 75 µM onward. These data support the hypothesis that phenazines oxidized at an 
extracellular electrode affect gene expression in the biofilm. A third morphological zone in the 
biofilm, a zone of decreased fluorescence, is observed between 30 µM and 75 µM, and is likely 
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the zone of matrix production38. Stimulated colonies have a smaller zone of matrix production, 
supporting the hypothesis that increased matrix production leads to increased wrinkling.  
 
A more detailed model for biofilm morphogenesis can be gleaned from the pattern of PmexG-GFP 
expression in stimulated versus unstimulated biofilms. As the biofilm develops, cells experience 
a decrease in oxygen availability37,42. This induces redox stress in the form of an elevated 
NADH/NAD+ ratio37. An elevated NADH/NAD+ ratio leads to increased matrix production and 
subsequent wrinkling, a process that is deeply affected by the presence of phenazines37,38. The 
effect of phenazines on biofilm wrinkling may parallel that of Congo red, in that heterocyclic 
molecules binding to polysaccharide components of the matrix promote stiffness and therefore 
wrinkling102,103.  
 
In the biofilm sections presented in Figure 4-7, the zone of matrix production shows decreased 
fluorescence. I hypothesize this zone of decreased fluorescence is caused by a decrease of 
intracellular phenazine concentrations, due to localized sequestration of phenazines by the 
biofilm matrix through electrostatic interactions. The absence of intracellular phenazines in 
oxygen-limited conditions leads to an increased intracellular NADH/NAD+ ratio, which results 
in the deactivation of SoxR, and promotes further matrix production. This implies that in 
addition to observed patterns of lateral phenazine distribution through the biofilm96,97, there may 
be a z-directional phenazine distribution of phenazine availability to component cells.  
 
According to this model, on day 2, cells in the aerobic zone would robustly express SoxR due to 
the equilibrium of phenazine oxidation lying far in the oxidized direction in the presence of 
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atmosopheric oxygen. In the microaerobic zone and anaerobic zones, SoxR would be expressed 
at a baseline level that is supported by extracellular electron transfer. On day 3 of growth in 
reducing conditions, cells in the microaerobic zone would produce matrix, which is likely able to 
sequester phenazines in much the same way that it is able to sequester congo red. Sequestered 
phenazines would only be able to perform extracellular charge transfer between the aerobic and 
anaerobic zones of the biofilm. This would lead to a downregulation of SoxR in microaerobic 
cells, due to an increased ratio of NAD(H) in response to the absence of extracellular electron 
transfer. This downregulation of SoxR would lead to cytotoxicity in microaerobic conditions, as 
cells would be unable to efflux accumulated levels of 5-me-PCA. These lysed cells would 
release extracellular DNA and further support wrinkling, leading to observed patterns of biofilm 




Figure 4-8 – Model of redox mediated biofilm morphogenesis during aerobic respiration. P. aeruginosa is a 
facultative anaerobe – an organism capable of both aerobic and anaerobic respiration.  In a day 3 biofilm of WT 
cells an oxygen gradient has formed, resulting in three populations of cells:  AEROBIC | MICROAEROBIC | 
ANAEROBIC. Gene expression patterns differ in each zone in an NAD(H) dependent manner. ANAEROBIC cells 
experience terminal electron absence, perform fermentation. Population is stable, consists of old microaerobic and 
old aerobic cells. MICROAEROBIC cells experience terminal electron acceptor limitation, perform mixed 
metabolism. Population is metabolically active but not dividing, includes old aerobic cells. AEROBIC cells do not 
experience terminal electron acceptor limitation; perform aerobic respiration. Population is actively growing, high 
turnover. Cells in the microaerobic zone experience the same reducing NAD(H) signal as the cells in the anaerobic 
zone, but to a lesser degree.  
Day1 All cells in the biofilm are AEROBIC, and are producing phenazines. 
Day 2 MICROAEROBIC and ANAEROBIC populations use extracellular electron transfer to relieve metabolic 
stress. Mixed metabolic growth in the MICROAEROBIC zone allows cells to take on the metabolic burden of 
matrix production in response to elevated NAD(H) levels, but cells in the ANAEROBIC zone cannot support the 
expenditure on fermentative metabolism.  
Day 3 Matrix produced in the MICROAEROBIC zone sequesters phenazines through charge-based interactions, 
preventing the use of phenazine-mediated extracellular electron transfer in this region of the biofilm. Association of 
phenazines with matrix does not interrupt their conductivity, so ANAEROBIC cells continue to support metabolism 
through extracellular charge transfer. At the very bottom of the biofilm, there is a layer of cells that appears 




In summary, this work has shown that SoxR plays an important role in redox homeostasis, both 
in terms of exogenous and endogenous compounds. Using the data presented in earlier sections 
of this document and collected from previously published work, I have proposed a possible 
mechanism for how the SoxR-mediated homeostasis can be tuned in a community-responsive 
manner. Future work will be focused on understanding the role that changing electrochemical 
conditions play on biofilm morphogenesis. 
 
Concluding remarks 
In this chapter I have described the development of an electrochemical platform for the study of 
biofilm morphogenesis, and have used this device to demonstrate that externally oxidized 
phenazines are able to affect intracellular SoxR activation. I have placed the electrochemical data 
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and reporter measurements for mexG in the context of what is known about factors affecting 
biofilm morphogenesis (i.e. redox gradients and phenazine availability) to develop a model of 





















5 Closing remarks and future directions 
 
Prior to the beginning of my work, the redox-sensing transcription factor SoxR was known to 
regulate genes involved in phenazine tolerance and biofilm morphogenesis, but only the role of 
one component of the SoxR regulon, MexGHI-OpmD had been described. In this work, I have 
further elaborated on the mechanisms by which phenazine homeostasis is involved in biofilm 
morphogenesis. 
 
In chapter 3, I demonstrated that the small protein MexG affects biofilm morphogenesis in the 
presence of exogenous redox-cycling compounds, mediated through modification of redox-
sensitive amino acids. This modification results in MexGlow, a gel-shifted species expressed 
concurrently with normal MexG. This modification is redox-sensitive, and required for normal 
development of colony biofilms. Biofilms of ∆mexG strains display an intermediate wrinkling 
phenotype between that of the WT and ∆mexGHI-opmD in the presence of acriflavin, an 
exogenous redox-cycling compound, suggesting a role for MexG that is complementary to its 
partner efflux pump. Mutation of the potentially redox-sensing residues of MexG leads to a 
differential production of the modified species, which correlates to a change in biofilm 
morphogenesis in the presence of acriflavin. Because MexG has not been shown to affect biofilm 
morphogenesis in the presence of endogenous redox-cycling compounds, I proposed that the 
MexG modification is a SoxR-regulated mechanism for managing redox stress caused by 
exogenous redox-cycling compounds. In order to provide a more complete understanding of the 
role of MexG in biofilm morphogenesis, future directions for this project will involve 
determining the nature of the redox-sensitive modification through the use of biosynthetic 
75		
mutants of pathways that produce redox-cycling molecules, such as quinolones or phenazines. 
The classification of MexG as a DoxX protein suggests possible enzymatic activity, which could 
be tested in vitro with heterologously expressed MexG.  
 
In chapter 4, I detailed the mechanism by which one component of the SoxR regulon, the 
monooxygenase PumA, contributes to phenazine homeostasis through enzymatic modification of 
both the endogenous phenazine 5-me-PCA, as well as the synthetic analog PMS. PumA 
contributes to the maintenance of a more oxidized cytoplasm, indicated by decreased SoxR 
activation in a ∆phzH∆pumA strain background. The efflux pump MexGHI-OpmD, also 
expressed under control of SoxR, is required for the maintenance of a more reduced cytoplasm in 
this same genetic background. These results suggest that the SoxR regulon maintains phenazine 
homeostasis through a two-pronged approach of modification (PumA) and efflux (MexGHI-
OpmD). Evidence in support of this hypothesis was presented through characterization of PumA-
specific metabolites in biofilms grown on agar supplemented with the synthetic analog PMS. In 
order to provide a more complete understanding of PumA activity in the presence of a variety of 
redox-cycling compounds, future directions of this project will be primarily concerned with 
greater time-resolution of PumA-specific metabolite production, as well as identification of 
changes to the stoichiometry of phenazine production in the absence of PumA, MexGHI-OpmD, 
and SoxR itself.    
 
In chapter 5, I developed an applied an electrochemical platform that allows manipulation of the 
redox state of phenazine at the base of the biofilm while maintaining normal biofilm 
morphogenesis. Application of an oxidizing potential to phenazines supplied in the morphology 
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agar beneath a developing biofilm results in a later onset of wrinkling, and overall less wrinkling 
than in biofilms not exposed to potential. This difference was found to be specific to the presence 
of phenazines, suggesting that the spatial distribution of phenazine oxidation state through the 
biofilm is an important factor in the dynamics of biofilm morphogenesis. Histological sectioning 
of biofilms expressing a reporter for SoxR activation, PmexG-GFP, showed that supplying 
oxidized phenazines to the base of the biofilm leads to less matrix formation, while 
simultaneously supporting more biomass. These data suggest that growth of cells in the base of 
the biofilm is normally inhibited by the presence of reduced phenazines. In conclusion, I 
presented a model of phenazine utilization through the depth of the biofilm that depends on the 
availability of terminal electron acceptor.  Future direction of this project will involve testing the 
model of how SoxR patterning through the biofilm affects morphogenesis in a phenazine-
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Appendix 1  
 
P. aeruginosa PA14 
strains Number Characteristics Source 
WT  Clinical isolate UCBPP-PA14 Rahme  (1995) 
∆mexG LD127 PA14 with deletion of mexG This study 
mexG-N-FLAG LD2801 
PA14 with 1xFLAG fusion on 




PA14 with 1xFLAG fusion on 
the N-terminus and 9xHis fusion 




PA14 with mutation of mexG 




PA14 with mutation of mexG 
M44L in the native locus. Made 
in LD2769 background 
This study 
mexGM109L LD2809 
PA14 with mutation of mexG 
M109L in the native locus. Made 
in LD2769 background 
This study 
∆soxR LD39 PA14 with deletion in soxR Dietrich  (2006) 
∆pumA LD42 PA14 with deletion of PA14_35160 
Sakhtah  
(2016) 
∆mex LD66 PA14 with deletion in mexGHI-opmD operon 
Dietrich  
(2008) 
∆mex∆pumA LD2607 PA14 with deletions in mexGHI-opmD operon and PA14_35160 
Sakhatah  
(2016) 




PA14 with deletions in phzA1-G1 





PA14 with deletions in phzA1-G1 




∆phzH LD757 PA14 with deletion of phzH  Bellin  (2014) 
∆phzH∆mex LD1558 PA14 with deletion of phzH and mexGHI-opmD 
Sakhtah  
(2016) 
∆phzH∆pumA LD2812 PA14 with deletion of phzH and This study 
86		
PA14_35160  
∆phzH∆pumA∆mex LD2795 PA14 with deletions of phzH, PA14_35160, and mexGHI-opmD This study 
∆phzH∆phzM LD758 PA14 with deletion of phzH, phzM 
Bellin  
(2014) 
∆phzH∆phzM∆mex LD1310 PA14 with deletion of phzH, phzM and mexGHI-opmD 
Sakhtah  
(2016) 
∆phzH∆phzM∆pumA LD2708 PA14 with deletion of phzH, phzM and PA14_35160 This study 
∆phzH∆phzM∆pumA
∆mex LD2813 
PA14 with deletions of phzH, 
phzM PA14_35160, and 
mexGHI-opmD 
This study 
∆phz ∆pumA::pumA LD2658 
PA14 with deletions in phzA1-G1 
operon, phzA2-G2 operon, 
deletion of PA14_35160 
complemented with wild-type 
sequence 
This study 
∆phz ∆pumA::ecaB LD2339 
PA14 with deletions in phzA1-G1 
operon, phzA2-G2 operon, 
deletion of PA14_35160 
complemented with S. coelicolor 
ecaB 
This study 
∆phz ∆pumA::ecaBc LD2342 
PA14 with deletions in phzA1-G1 
operon, phzA2-G2 operon, 
deletion of PA14_35160 
complemented with last 133 




∆pumA::pumAN77A W81A LD2599 
PA14 with deletions in phzA1-G1 
operon, phzA2-G2 operon, 
deletion of PA14_35160 
complemented with PA14_35160 
N77A, W81A 
This study 
∆phzH PmexG-GFP LD2336 
PA14 with a deletion in phzH 
with a SoxR-driven GFP inserted 
into a neutral site in the genome 
Sakhatah (2016) 
∆phzH∆mex PmexG-GFP LD2422 
PA14 with a deletion in phzH, 
∆mexGHI-OpmD with a SoxR-
driven GFP inserted into a neutral 




PA14 with a deletion in phzH and 
PA14_35160 with a SoxR-driven 
GFP inserted into a neutral site in 
the genome 
This study 
E. coli strains    
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BW29427 LD661 
Donor strain for conjugation. 







E. coli DH5 λpir strain for 
cloning. F-∆(argF-lac)169φ80 
dlacZ58(∆M15) glnV44(AS) 
rfbD1 gyrA96(NaIR) recA1 
endA1 spoT thi-1 hsdR17 deoR 
λpir+ 
D. Lies, Caltech 
























Plasmid Description Source 
pSMV10 9.1 kb mobilizable suicide vector; oriR6k, mobRP4, sacB, KmR GmR 
D. Lies, 
Caltech 
pMQ30 7.5 kb mobilizable vector oriT, sacB, GmR Shanks 2006 
pLD38 
PCR fragment containing ∆PA2274 
introduced into pSMV10 by ligation. Used to 




PCR fragment containing full genomic 
sequence of mexG with N-terminal 1xFLAG 
tag introduced into pMQ30 by gap repair 




PCR fragment containing full genomic 
sequence of mexG with N-terminal 1xFLAG 
tag and C-terminal 9xHis tag introduced into 
pMQ30 by gap repair cloning in yeast strain 
InvSc1. Used to create mexG-N-FLAG-C-His 
This study 
LD2804 
PCR fragment containing full genomic 
sequence of mexG with C21S and M24L 
point mutations introduced into pMQ30 by 
gap repair cloning in yeast strain InvSc1. 
Used to create mexGC21S 
This study 
LD2806 
PCR fragment containing full genomic 
sequence of mexG with M44L point 
mutations introduced into pMQ30 by gap 




PCR fragment containing full genomic 
sequence of mexG with M109L point 
mutations introduced into pMQ30 by gap 




PCR fragment containing full genomic 
sequence of PA14_35160 introduced into 
pMQ30 by gap repair cloning in yeast strain 
InvSc1. Used to create ∆phz ∆pumA::pumA 
This study 
pLD2395 
PCR fragment containing full genomic 
sequence of S. coelicolor ecaB introduced 
into pMQ30 by gap repair cloning in yeast 





PCR fragment containing full genomic 
sequence of S. coelicolor ecaB∆N introduced 
into pMQ30 by gap repair cloning in yeast 




PCR fragment containing full genomic 
sequence of PA14_31560 with point 
mutations N77A, W81A introduced into 
pMQ30 by gap repair cloning in yeast strain 
InvSc1. Verified by sequencing. Used to 
create ∆phz ∆pumA::pumAN77A W81A 
This study 
pLD2726 
For generation of gfp reporter constructs;  
further information can be found in the  
Materials and Methods section. 
This study 
pFLP2 
For generation of gfp reporter constructs;  
further information can be found in the  





















Primers for pLD2800 (used to make mexG-N-FLAG LD2801) 
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatggcttccagggcaaagtc 
Yeast 2 agagccagagccagacttgtcgtcatcgtctttgtagtccatgggtcgttccttgtgct 
Yeast 3 gactacaaagacgatgacgacaagtctggctctggctctcagcgcttcatcgataactc 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctcgctgatcgccttctggt 
Primers for pLD2802 (used to make mexG-N-FLAG-C-His LD2803) 
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatgaggccctggaggatttc 
Yeast 2 CATCACCATCACCATCACCATCACCATGGCTCTtgaggcgatcatgcagaaac 
Yeast 3 AGAGCCATGGTGATGGTGATGGTGATGGTGATGggccttctggtaggtggc 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctcccacatatggcaagtcctg 
Primers for pLD2804 (used to make mexGC21S LD2805) 
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatggcttccagggcaaagtc 
Yeast 2 aacagcagggccagggagatccgggcggtcagccagagcc 
Yeast 3 ggctctggctgaccgcccggatctccctggccctgctgtt 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctcgctgatcgccttctggt 
Primers for pLD2806 (used to make mexGM44L LD2807) 
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatggcttccagggcaaagtc 
Yeast 2 gcgcagttcctccaggctggcctgatagtcgaacagcttc 
Yeast 3 gaagctgttcgactatcaggccagcctggaggaactgcgc 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctcgctgatcgccttctggt 
Primers for pLD2808 (used to make mexGM109L LD2809) 
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatggcttccagggcaaagtc 
Yeast 2 gggcgaagaacagcgccagcttggcttcgacgccggtctt 
Yeast 3 AAGACCGGCGTCGAAGCCAAGCTGGCGCTGTTCTTCGCCC 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctcgctgatcgccttctggt 
Primers for pLD2397 (used to make ∆phz∆pumA::pumA LD2658) 
Yeast 1 caggcaaattctgttttatcagaccgcttctgcgttctgatCCGATCCTCGAACAGCTC 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctCCTGGTGATCGACATCCTCT 
Primers for pLD2395 (used to make ∆phz∆pumA::ecaB LD2339)  
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatCCGATCCTCGAACAGCTC 
Yeast 2 gtgtcggtgcggcgggtcatGGCGGGTTACTCCGGGTGAC 
Yeast 3 cctcgtgccccgctgacctGCCCGCCGGCGCCGACGGCC 
Yeast 4 ggaattgtgagcggataacaatttcacacaggaaacagctCCTGGTGATCGACATCCTCT 
Primers for pLD2396 (used to make ∆phz∆pumA::ecaB∆N LD2342)  
Yeast 1 tacctgccgagccccagcatGGCGGGTTACTCCGGGTGAC 
Yeast 4 gtcacccggagtaacccgccATGCTGGGGCTCGGCAGGTA 
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Primers for pLD2596 (used to make ∆phz∆pumA::pumAN77A W81A LD2599)  
Yeast 1 ccaggcaaattctgttttatcagaccgcttctgcgttctgatCCGATCCTCGAACAGCTC 
Yeast 2 tacctgccgagccccagcatGGCGGGTTACTCCGGGTGAC 
Yeast 3 gtcacccggagtaacccgccATGCTGGGGCTCGGCAGGTA 
Yeast 4 cgcGCAGGTGTAggcCAGCACGTGCTGGCCGTCCTCGCTG 
Primers for pLD2726 (used to make all PmexG-GFP strains)  
Primer F ccaggcaaattctgttttatcagaccgcttctgcgttctgatCCGATCCTCGAACAGCTC 
Primer R acgtacactagtACCGCAAGCGGTTATTAGC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
